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Abstract:



Increasing N concentration and the high density of epiphytic algae are both key factors leading to the decline of submerged macrophytes in many eutrophic lakes. In order to investigate the impacts of increased nitrate-N concentration and the growth of epiphytic algae on the decline of submerged vegetation, we conducted a 2 × 4 factorial experiment with the submerged macrophyte Vallisneria natans (Lour.) Hara by measuring the biomass of plants and some physiological indexes in leaves of V. natans under four nitrate-N concentrations in the water column (0.5, 2.5, 5, and 10 mg/L) and two epiphytic groups (epiphytic algae group and no epiphytic algae group). The results suggested that epiphytic algae could impose adverse effects on the biomass accumulation of V. natans, while the increasing nitrate-N concentration (0.5–10 mg/L) could oppositely promote this process and counteract the adverse effect of epiphytic algae. When nitrate-N concentration was 5 mg/L, the total chlorophyll content in leaves of V. natans in the epiphytic algae group was prominently lower compared with the no epiphytic algae group, while MDA, free proline, and anti-oxidant enzyme (SOD, POD, CAT) activities were significantly higher. Overhigh nitrate-N concentration in the water column also directly imposed adverse effects on the physiology of V. natans. When nitrate-N concentration was over 5 mg/L, the total chlorophyll content and free proline decreased in the no epiphytic algae group, while soluble carbohydrates and soluble proteins decreased when nitrate-N was over 2.5 mg/L. Meanwhile, epiphytic algae and nitrate-N content imposed a synergetic effect on the anti-oxidant enzyme activities of V. natans. When nitrate-N concentration was over 5 mg/L, SOD, POD, and CAT activities kept constant or decreased, which indicated that the oxidation resistance of V. natans was inhibited by stress. Our results indicate that epiphytic algae and increasing nitrate-N concentration in the water column could severally or synergistically impose adverse effects on the physiology of submerged macrophytes and are both key factors leading to the decline of submerged macrophytes.
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1. Introduction


Aquatic plants, especially submerged macrophytes, play a crucial role in the recovery process of polluted shallow lake ecosystems by providing habitats for a diverse faunal community [1,2], sequestering carbon and nutrients through absorption by the root and stem [3], and reducing phytoplankton biomass by either direct or indirect pathways [4,5]. However, the decline of submerged macrophytes continually happens in many eutrophic lakes throughout the world as a result of eutrophication with increasing nutrients [6,7]. It is well known that phosphorus (P) is often considered to be the most crucial growth limiting factor for plants in lakes [8,9], but the role of nitrogen (N) in submerged macrophytes recession has recently received increasing attention [10]. Yu et al. [11] demonstrated that stress exerted by high nitrogen may be responsible for the decline in leaf length, leaf mass, and root length of Vallisneria natans (Lour.) Hara. Barker et al. [12] suggested that the loss of species diversity of submersed macrophytes was related to increasing N loading in the water body. The elevating nitrate-N concentration was considered to be the reason for plant species richness declines according to studies conducted in Polish and British lakes [13].



While the use of phosphate fertilizers tends to be constant worldwide [14], the use of nitrogenous fertilizers is still increasing, which may potentially have disadvantageous effects of nitrogen on submerged macrophytes. The excessive use of manure and synthetic fertilizers could lead to the leaching of nitrate-N (NO3−) from agricultural land, greatly increasing NO3− concentrations of groundwater and surface water bodies [15]. As a consequence, many shallow freshwater systems suffer from high NO3− loading (100–1000) μmol L−1 of the water column [16]. Ammonia-N is the dominant N form in the interstitial water, while nitrate-N usually exists in much higher concentrations in the overlying water [17]. Rooted submerged macrophytes are capable of taking up NH4+ and NO3− through both roots and shoots from ambient environments [18,19]. Burkholder et al. [20] found that water-column nitrate enrichment promoted the decline of eelgrass Zostera marina. While many studies focused on the effects of ammonia-N on submerged macrophytes [21,22], the effects of high nitrate-N concentrations on the growth of submerged macrophytes are not yet well understood.



Eutrophic water with a high nitrogen content always brings about an increase of planktonic algae and epiphytic algae [23,24]. The decline of submerged macrophytes is often accompanied with a high planktonic algae density in the eutrophic lakes [25,26]. However, the overgrowth of epiphytic algae was seen to occur earlier than planktonic algae in eutrophic lakes and the reduction of submerged macrophytes was connected with a high epiphytic algae density [27,28]. In previous studies by Jones and Sayer [29] and Bécares et al. [30], a 50% reduction of submerged macrophyte biomass occurred when epiphytic algal biomass exceeded 50 and 90 mg Chl-a m−2, respectively. Therefore, the overgrowth of epiphytic algae rather than planktonic algae may be the most important factor leading to the loss of submerged macrophytes [23,31]. In fact, the results of many previous studies have suggested that the presence of dense epiphytic algae populations inhibits the growth of submerged macrophytes [32,33,34], mainly by reducing light and nutrient availability for the plants [29,35], which may further lead to the loss of submerged macrophytes. As a consequence, the clear-water state in shallow lakes is transformed into a turbid-water state with a high density of phytoplankton [36,37]. However, little direct evidence exists and the understanding of its underlying mechanisms is limited. Thus, combined effects of epiphytic algae and different nitrate-N concentrations on submerged macrophytes are worth studying.



In this study, Vallisneria natans (Lour.) Hara, a perennial, rooted, submerged macrophyte, was selected for its wide distribution and tolerance of eutrophic conditions. The community composition and biomass of epiphytic algae, biomass of the plants, and some physiological indexes, such as Chlorophyll content, malondialdehyde (MDA) content, free proline content, soluble carbohydrates, soluble proteins, and anti-oxidant enzymes (SOD, POD, CAT) activities in the leaves of V. natans under four nitrate-N concentrations with two epiphytic algal statuses were measured. Chlorophyll content in leaves of plants is responsible for the absorption and transformation of light energy for photosynthesis in plants and reflects the photosynthetic ability of plants. MDA is one of the end products of membrane lipid peroxidation and can be used as an important index of physiological stress. Free proline content will largely accumulate in plants under stress conditions. Soluble carbohydrates and soluble proteins are important metabolites in plant metabolism and their content will change under stress conditions. SOD, POD, and CAT are important anti-oxidant enzymes in the protective defense system to eliminate or reduce reactive oxygen species (ROS) in plants and their activities reflect the stress resistance of plants. This study aimed to explore the effects of epiphytic algae and different nitrate-N concentrations on the biomass accumulation and physiology of V. natans and provides a theoretical foundation for the restoration of eutrophic lakes.




2. Materials and Methods


2.1. Materials and Study Site


The experiment was conducted at the Hangzhou field station (30°12′28″ N, 120°8′42″ E) of the Institute of Hydrobiology, Chinese Academy of Science, for the national water project. Sediments less than 15 cm in depth from the top surface layer were collected for use from Hangzhou West Lake, a freshwater lake in China which was added to the world heritage list in 2011. Total nitrogen of the sediments was 6.08 ± 0.35 mg/g dry weight (DW), total phosphorus was 1.54 ± 0.21 mg/g DW, and total organic matter content was 13 ± 2.3% DW. In order to remove impurities (benthonic faunas and others), sediments were transported to the laboratory, and wet-sieved through a 2 mm sieve. Then, the sediments were air-dried at 40 °C to kill any invertebrates, passed through a 0.5 mm sieve, and mixed thoroughly to evenly distribute the physical and chemical properties. V. natans of a similar size (fresh weight 5.05 ± 0.36 g; length 15 ± 1.5 cm; mean ± SE) and epiphytic algae were collected from the west part of Hangzhou West Lake. Epiphytic algae was collected from several plant species from a wide range of nutrient conditions by shaking and brushing, and mainly belonged to 12 genera. Tap water was kept for 24 h before use for the experiment. Moreover, twenty-four aquariums (length × width × height, 25 cm × 25 cm × 50 cm), KNO3, and NaNO3 were used for the experiment. KNO3 and NaNO3 were used to maintain the designed nitrate-N concentrations in the aquariums and they were added with a 1:1 ratio.




2.2. Experimental Design


Individuals of V. natans of a similar size were equally planted into the 24 aquariums, which were injected with 10 cm thick homogeneous sediment in advance. Each aquarium was planted with 12 individuals of V. natans. Then, tap water was poured into each aquarium slowly along the glass wall to a 30 cm water depth. All aquariums were maintained under the same conditions outside the field station for a 15 day acclimation before the experiment.



The experimental set-up was based on a 2 × 4 factorial design with two epiphytic algae statuses (epiphytic algae group and no epiphytic algae group) and four levels of nitrate-N concentrations in the water column. The four nitrate-N concentrations of the water column were set as 0.5 mg/L, 2.5 mg/L, 5 mg/L, and 10 mg/L with a moderate phosphorus concentration at 0.02–0.04 mg/L. Each treatment was conducted with three replicates. In the no epiphytic algae group, snail (Bellamya aeruginosa) grazing prevented the establishment of algae, as per a preliminary study. One snail weighing about 0.25 g was added to each aquarium in the no epiphytic algae group. In the epiphytic algae group, a 30 mL mixed epiphytic algal inoculum was added to each treatment. The community composition of the epiphytic algal inoculum mainly belonged to 12 genera, including Aulacoseira, Cyclotella, Navicula, Cymbella, Aphanothece, Chlorella, Fragilaria, Synedra, Achnanthes, Oscillatoria, Lyngbya, and Pseudanabaena. In previous researches, Song et al. (2015) and Yi et al. (2016) found that all of these 12 algal taxa could be epiphytic on artificial substrates and submerged macrophytes [38,39]. In order to avoid the influence of phytoplankton, one third of the water in the aquariums was replaced by tap water. Water lost by evaporation was also supplemented with tap water. Nitrate-N concentration of each aquarium was determined every day, using the spectrophotometric method with phenol disulfonic acid. KNO3 and NaNO3 concentrated solutions were used to maintain the given nitrate-N concentrations in the water column and they were added with a 1:1 ratio.



The experiment was started on 3 August and ended on 28 August 2016. After cultivation for 25 days, all V. natans plants were harvested and fresh weights were recorded, respectively. Some of the plant samples were collected and frozen at −20 °C for the determination of chlorophyll (chl-a and chl-b), malondialdehyde (MDA), free proline content, antioxidant enzyme activities (SOD, POD, CAT), soluble protein, and soluble carbohydrate. Other plant samples were used for epiphytic algae analysis. Epiphytic algae specimens were detached from the leaves of V. natans (about an area of 30 cm2) in 100 mL distilled water using a soft brush. Subsamples of 10 mL were fixed with Lugol iodine liquid and maintained at 4 °C for further quantification and classification. Meanwhile, 50 mL subsamples were filtered onto GF/C (0.45 mm) glass fiber filters and frozen at −20 °C for epiphytic algae chlorophyll analysis.




2.3. Epiphytic Algae Quantification and Classification


The biomass of epiphytic algae was represented by the chlorophyll in content per unit leaf surface area of V. natans. The prepared frozen filters with epiphytic algae were ground in a mortar with 6 mL acetone (90%). Then, the paste was transferred to a centrifuge tube, and the mortar was washed two to three times with 4 mL acetone (90%) and poured into the tube. The tube was centrifuged for 20 min at 7000 r/min under 4 °C. The liquid supernatant was measured using a fluorescence spectrophotometer according to the method described by Arnon [40]. The preserved subsample for identifying epiphytic algae was shaken well and 0.1 mL of the sample was dropped into an algae cell counter and epiphytic algae specimens were identified and counted using an OLYMPUS BH-2 microscope according to Zhang and Huang [41].




2.4. Chlorophyll, Malondialdehyde (MDA), Free Proline, Soluble Carbohydrates, and Soluble Proteins Analysis of V. natans


Total chlorophyll content of V. natans was extracted from 0.2 g fresh apical leaves in 25 mL of 95% ethanol in the dark for 48 h at 4 °C. Then, the supernatant was used to measure the absorbance on a spectrophotometer at 645 and 663 nm, respectively. Chl-a and Chl-b were calculated by the equation of Arnon [40] and expressed in mg pigments/g fresh weight.



The MDA content of V. natans indicated the level of membrane lipid peroxidation and was determined using the Thiobarbituric acid (TBA) method [42]. Free proline was measured with the acidic ninhydrin coloring with spectrophotometry and the standard curve method [43]. Soluble carbohydrates and proteins were extracted from 0.2 g leaves with 5 mL 80% ethanol at 60 °C for 10 min and centrifuged at 10,000× g for 20 min. The supernatant was used for measurements. A soluble carbohydrate measurement was conducted using the anthrone method according to Yemm and Willis [44]. Soluble protein concentration was measured using the Coomassie brilliant blue-dye binding method [45].




2.5. Enzyme Extraction and Assay of Superoxide Dismutase (SOD), Peroxidase (POD), and Catalase (CAT) Activity


The enzymes were extracted from an 800 mg sample in 8 mL precooled 50 mM PBS (pH 7.0) containing 1 mM EDTA and 1% (w/v) poly vinylpyrrolidone as an enzyme stabilizer [21]. In brief, a 0.8 g sample of plant material was ground in liquid nitrogen and homogenized in 8 mL of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 1% poly vinylpyrrolidone. The homogenate was centrifuged at 15,000× g for 20 min at 4 °C. The supernatant was the crude enzyme which was used to measure the activity of superoxide dismutase (SOD), catalase (CAT), and guaiacol peroxidase (POD).



SOD activity was measured by monitoring the inhibition of the photochemical reduction of nitro-blue tetrazolium (NBT), POD activity was determined as oxidation of guaiacol by H2O2, and CAT activity was determined by measuring the change of absorbance at 240 nm that accompanied the consumption of H2O2 according to the methods of Li [46]. Enzyme activities of SOD, POD, and CAT were expressed as U/mg protein.




2.6. Statistical Analysis


Data shown in the figures is the mean of three replicates and presented as mean ± SE. One- and two-way analysis of variance (ANOVA) were used to analyze the effects of increasing nitrate-N concentration, epiphytic algae, and their interactions on the biomass of V. natans and physiological parameters (total chlorophyll (chl-t), chl-a/chl-b, MDA, free proline, soluble proteins, soluble carbohydrates, and antioxidant enzyme activities (SOD, POD, CAT)). Homogeneity of variances was ensured with Levene’s test before the ANOVA tests. Post hoc comparisons for all analyses were made with the Student-Newman-Keuls (SNK) test. The level of statistical significance was set at p < 0.05. SPSS 21.0 software was used to perform all the statistical analyses and Origin Pro 8.0 was used to plot the experimental data.





3. Result


3.1. Biomass of V. natans


Biomass accumulation of V. natans was significantly affected by nitrate-N concentration and epiphytic algae (Table 1). The total biomass of V. natans in the epiphytic algae group was systematically lower than that in the no epiphytic algae group under different nitrate-N concentrations. The biomass of V. natans in the no epiphytic algae group gradually increased as the nitrate-N concentration elevated from 0.5 mg/L to 10 mg/L. However, the biomass of V. natans in the epiphytic algae group decreased when the nitrate-N concentration of the water column was 0.5–2.5 mg/L, and increased when the total nitrogen concentration of the water column was 2.5–10 mg/L. Compared with the no epiphytic algae group, the biomass in the epiphytic algae group decreased by approximately 12.6%, 33.3%, 23.8%, and 13.8%, respectively, in the treatments of 0.5, 2.5, 5, and 10 mg/L nitrate-N concentrations. The testing result of one-way ANOVA showed that the biomass of V. natans exhibited a significant difference between the epiphytic algae group and no epiphytic algae group when nitrate-N was 2.5–5 mg/L (p < 0.05) (Figure 1).


Figure 1. Biomass of V. natans (mean ± SE, n = 3) in the epiphytic algae group and no epiphytic algae group under four nitrate-N concentrations. Bars with different letters indicate significant differences among treatments (p < 0.05).
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Table 1. Results of two-way ANOVA on the effects of increasing nitrate-N and epiphytic algae on the biomass and physiological parameters of V. natans. SC and SP, respectively, represent soluble carbohydrates and soluble proteins. * p < 0.05; ** p < 0.01; *** p < 0.001.







	

	
Nitrate-N

	
Epiphytic Algae

	
Nitrate-N × Epiphytic Algae




	
Parameters

	
F Value

	
p Value

	
F Value

	
p Value

	
F Value

	
p Value






	
Biomass

	
4.987

	
0.012 *

	
20.3

	
<0.001 ***

	
2.449

	
0.101




	
Chl-t

	
23.721

	
<0.001 ***

	
13.37

	
0.002 **

	
1.627

	
0.223




	
Chl-a/Chl-b

	
41.419

	
<0.001 ***

	
3.091

	
0.098

	
5.515

	
0.009 **




	
MDA

	
19.318

	
<0.001 ***

	
54.093

	
<0.001 ***

	
7.156

	
0.003 **




	
Free proline

	
22.356

	
<0.001 ***

	
1.628

	
0.22

	
1.77

	
0.193




	
SC

	
37.636

	
<0.001 ***

	
7.808

	
0.013 *

	
9.697

	
0.001 **




	
SP

	
10.578

	
<0.001 ***

	
0.039

	
0.847

	
2.819

	
0.072




	
SOD

	
7.132

	
0.003 **

	
33.513

	
<0.001 ***

	
10.388

	
<0.001 ***




	
POD

	
75.899

	
<0.001 ***

	
16.473

	
0.001 **

	
20.205

	
<0.001 ***




	
CAT

	
32.843

	
<0.001 ***

	
16.065

	
0.001 **

	
13.838

	
<0.001 ***











3.2. Biomass and Community Composition of Epiphytic Algae


After cultivation under four nitrate-N levels, the epiphytic algal biomass varied and community composition on the surface of V. natans differed from the original community. When the nitrate-N concentration was 0.5 mg/L, epiphytic algal biomass (expressed by chlorophyll-a concentration) was relatively significantly lower compared with those at higher nitrate-N concentrations(p < 0.05), and when nitrate-N was 2.5–5 mg/L, epiphytic algal biomass was greater, and even higher than that of 10 mg/L nitrate-N treatment. The specific order of nitrate-N in favor of epiphytic algal biomass was 2.5 mg/L > 5 mg/L > 10 mg/L > 0.5 mg/L (Figure 2).


Figure 2. Chlorophyll-a content of epiphytic algae per unit leaf area of V. natans (mean ± SE, n = 3) in the epiphytic algae group under four nitrate-N concentrations. Bars with different letters indicate significant differences among treatments (p < 0.05).



[image: Water 09 00863 g002]






The community composition of original epiphytic algae mainly belonged to 12 genera, including Aulacoseira, Cyclotella, Navicula, Cymbella, Aphanothece, Chlorella, Fragilaria, Synedra, Achnanthes, Oscillatoria, Lyngbya and Pseudanabaena. Aulacoseira, Cyclotella, Navicula, Aphanothece, Fragilaria, and Achnanthes, which were dominant algae and accounted for 18%, 10%, 15%, 15%, 11%, and 10%, respectively. At the end of the experiment, as nitrate-N increased, relative abundances of Oscillatoria, Lyngbya, and Pseudanabaena increased at first, and then decreased when the total nitrogen was 10 mg/L. Relative abundances of Navicula, Aulacoseira, and Chlorella decreased when nitrate-N was 0.5–5 mg/L and then increased when nitrate-N was 5–10 mg/L (Figure 3).


Figure 3. The main community composition of epiphytic algae of the original source and that after varied under different nitrate-N concentrations.
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When the nitrate-N concentration was 0.5 mg/L, Aulacoseira, Cyclotella, Navicula, and Aphanothece were dominant algae and accounted for 21%, 12%, 10%, and 12%, respectively. When the nitrate-N concentration was 2.5 mg/L, relative abundances of Oscillatoria, Lyngbya, and Pseudanabaena increased to 12%, 10%, and 12%, respectively. As nitrate-N increased to 5 mg/L, Oscillatoria, Lyngbya, Pseudanabaena, and Microcystis were dominant and accounted for 20%, 18%, 16%, and 18%, respectively. When the nitrate-N concentration was 10 mg/L, relative abundances of Oscillatoria, Lyngbya and Pseudanabaena decreased, but relative abundances of Navicula, Aulacoseira, Chlorella, and Microcystis increased on the contrary. The dominant epiphytic algal genera were Aulacoseira, Oscillatoria, and Microcystis, accounting for 12%, 12%, and 26%, respectively (Figure 3).




3.3. Total Chlorophyll Content and Chl-a/Chl-b Ratio in Leaves of V. natans


The total chlorophyll (chl-t) content in the leaves of V. natans was significantly influenced by both nitrate-N concentration and epiphytic algae (Table 1). In the epiphytic algae group, chl-t content was lower than in the no epiphytic algae group. The chl-t content of V. natans gradually increased when the nitrate-N concentration was 0.5–5 mg/L, and decreased when the nitrate-N concentration was 5–10 mg/L in both the epiphytic algae group and no epiphytic algae group. When the nitrate-N concentration was 5 mg/L, the chl-t content was prominently different between the epiphytic algae group and no epiphytic algae group (p < 0.05). The chl-a/chl-b ratio was significantly affected by interactions of increasing nitrate-N concentration and epiphytic algae (Table 1). The chl-a/chl-b ratio decreased as nitrate-N concentration increased from 0.5 to 10 mg/L in the epiphytic algae group. However, in the no epiphytic algae group, the ratios decreased when total nitrogen was 0.5–5 mg/L, but increased when total nitrogen was 5–10 mg/L (Figure 4).


Figure 4. Total chlorophyll content and the chl-a/chl-b ratio of V. natans (mean ± SE, n = 3) in the epiphytic algae group and no epiphytic algae group under four nitrate-N concentrations. Bars with different letters indicate significant differences among treatments (p < 0.05).
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3.4. MDA Content in Leaves of V. natans


Nitrate-N concentration, epiphytic algae, and their interactions all showed significant influences on the MDA content in leaves of V. natans (Table 1). The MDA content of V. natans in the epiphytic algae group was systematically higher than that in the no epiphytic algae group when the nitrate-N concentration was 0.5–2.5 mg/L (p < 0.05). In the epiphytic algae group, the MDA content of V. natans gradually increased and was maintained at a high level as the nitrate-N concentration increased from 0.5 to 10 mg/L. However, in the no epiphytic algae group, the MDA content of V. natans stayed at a comparatively low level when the nitrate-N concentration was 0.5–2.5 mg/L (Figure 5A).


Figure 5. The MDA content (A); free proline content (B); soluble carbohydrates (C); and soluble proteins (D) of V. natans (mean ± SE, n = 3) in the epiphytic algae group and no epiphytic algae group under four nitrate-N concentrations. Bars with different letters indicate significant differences among treatments (p < 0.05).
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3.5. Free Proline Content in Leaves of V. natans


Free proline content was significantly influenced by different nitrate-N concentrations in the water column (Table 1). Irrespective of the algae group, the free proline content of V. natans gradually increased when the nitrate-N concentration of the water column was 0.5–5 mg/L, and decreased when the total nitrogen was 5–10 mg/L. The values of free proline content were systematically higher in the epiphytic algae group than in the no epiphytic algae group, except for one value when the nitrate-N concentration was 0.5 mg/L, which was a pretty low level. The free proline content of V. natans showed significant differences between the epiphytic algae group and no epiphytic algae group when nitrate-N was 5 mg/L (p < 0.05) (Figure 5B).




3.6. Soluble Carbohydrates in Leaves of V. natans


Soluble carbohydrates content in leaves of V. natans was significantly influenced by nitrate-N concentration, epiphytic algae, and their interactions (Table 1). Soluble carbohydrates content increased when the nitrate-N concentration was 0.5–2.5 mg/L in both the epiphytic algae group and no epiphytic algae group (p < 0.05), but slightly decreased when the nitrate-N concentration was 2.5–10 mg/L. The SC content of V. natans in the epiphytic algae group was lower than that in the no epiphytic algae group, but not significantly so (p > 0.05) (Figure 5C).




3.7. Soluble Proteins in Leaves of V. natans


Soluble proteins content in the leaves of V. natans was significantly influenced by nitrate-N concentration (Table 1). Soluble protein content of V. natans in the epiphytic algae group increased as nitrate-N rose from 0.5 mg/L to 2.5 mg/L, and decreased when nitrate-N concentration was 2.5–10 mg/L. However, in the no epiphytic algae group, no significant difference of soluble proteins content was observed in treatments of different nitrate-N concentrations (p > 0.05) (Figure 5D).




3.8. Antioxidant Enzyme Activity (SOD, POD, CAT) in Leaves of V. natans


SOD, POD, and CAT activities were significantly influenced by nitrate-N concentration, epiphytic algae, and their interactions (Table 1). SOD activity in the leaves of V. natans in the epiphytic algae group increased as the nitrate-N concentration rose from 0.5 mg/L to 5 mg/L and showed little increase when nitrate-N was 10 mg/L, while a sustaining increase was observed in the no epiphytic algae group. Compared with the no epiphytic algae group, the SOD activity of V. natans in the epiphytic algae group increased averagely by 14.6%, 20.3%, 29.5%, and 18.7%, respectively, in treatments of 0.5, 2.5, 5, and 10 mg/L nitrate-N concentrations (Figure 6a). POD and CAT activities in leaves of V. natans in the epiphytic algae group showed a similar trend with an increase at 0.5–5 mg/L nitrate-N content and a slight decrease at 5–10 mg/L nitrate-N content, while a sustaining increase was observed in the no epiphytic algae group as the nitrate-N concentration increased. POD and CAT activities of V. natans in the epiphytic algae group were systematically higher than that in the no epiphytic algae group. In comparison to the no epiphytic algae group, the average POD activity of V. natans leaves in the epiphytic algae group increased by 20.2%, 32%, 42%, and 14.3%, respectively, in treatments of 0.5, 2.5, 5, and 10 mg/L nitrate-N concentrations, while the CAT activity simultaneously increased by 16.5%, 21.6%, 25%, and 6%, respectively (Figure 6b,c). Compared to the no epiphytic algae group, SOD, POD, and CAT activities were significantly higher (p < 0.01) in the epiphytic algae group when the nitrate-N concentration was 5 mg/L (Figure 6).


Figure 6. Antioxidant enzyme activity (POD, SOD, CAT) in leaves of V. natans (mean ± SE, n = 3) in the epiphytic algae group and no epiphytic algae group under four nitrate-N concentrations. Subfigures (a–c) represent the antioxidant enzyme activities of POD, SOD, and CAT, respectively. Bars with a “*” sign show a significant difference between two epiphytic algae statuses (p < 0.01).
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4. Discussion


Some researchers argue that a mutualistic relationship existed between submerged macrophytes and epiphytic algae, which was the result of coevolution [35,47]. However, in this study, the biomass of V. natans in the epiphytic algae group was significantly lower than that in the no epiphytic algae group when the nitrate-N concentration was 2.5–5 mg/L. The result indicates that epiphytic algae imposed a prominent adverse effect on the biomass accumulation of V. natans, especially when the nitrate-N concentration was 2.5–5 mg/L, at which point the epiphytic algal biomass attached on leaves of V. natans was particularly high. The adverse effect of epiphytic algae on the host plants was consistent with the result of some other previous studies [33,48]. As the nitrate-N concentration increased from 2.5 to 10 mg/L, the biomass of V. natans in the epiphytic algae group gradually increased, suggesting that increasing the nitrate-N concentration could neutralize the adverse effect of epiphytic algae on biomass accumulation of V. natans, probably because the growth of epiphytic algae was inhibited by a high nitrate-N concentration. In the no epiphtic algae group, the biomass of V. natans gradually increased as the nitrate-N concentration increased from 0.5 mg/L to 10 mg/L, indicating that the nitrate-N concentrations in this experiment could slightly promote the biomass accumulation of V. natans.



It has been suggested that the host plants are simply inert platforms of epiphytic algae [49]. However, Wetzel [50] and Allen [51] suggested that host plants could exert considerable influence on periphyton. Under stress conditions, secondary metabolites largely accumulated in V. natans and were released from the surface of leaves, which promoted the growth of attached epiphytic algae and affected its community composition [52,53]. In turn, the overgrowth of epiphytic algae influenced the biomass and physiology of V. natans. In this study, the biomass of epiphytic algae was higher when the nitrate-N concentration was 2.5–5 mg/L. When the nitrate-N concentration went up to 10 mg/L, epiphytic algal biomass decreased, which may be due to the limited phosphorus content in the water column and an adverse effect produced by increasing nitrate-N concentration. Meanwhile, the dominant species of the epiphytic algal community changed a lot under different nitrate-N concentrations. This result may be due to the allelopathy of V. natans or the adaption to the change of nutrient conditions by the epiphytic algal community itself [54].



Chlorophyll is the most important pigment which is responsible for the absorption and transformation of light energy for photosynthesis in plants, so chlorophyll content is closely linked to photosynthetic intensity. The change of chlorophyll content could reflect the change of plant photosynthesis under stress conditions [55,56]. In the present study, the total chlorophyll content in leaves of V. natans showed an increase as nitrate-N increased from 0.5 mg/L to 5 mg/L, but a reduction when nitrate-N increased from 5 mg/L to 10 mg/L in both the epiphytic algae group and no epiphytic algae group. The chl-a/chl-b ratio in leaves of V. natans in the epiphytic algae group decreased at 0.5–5 mg/L nitrate-N and increased at 10 mg/L nitrate-N, while the ratio in the no epiphytic algae group decreased as nitrate-N rose from 0.5 to 10 mg/L. It could be concluded that the increasing nitrate-N contents in the water column promoted the photosynthetic intensity of V. natans when the nitrate-N concentration was not over 5 mg/L. When the nitrate-N concentration was 10 mg/L, nitrate-N directly caused the decline of chlorophyll content in plants. The chl-a/chl-b ratio reflecting the light utilization efficiency of photosynthesis in leaves of plants suggested that epiphytic algae aggravated the adverse influence on light utilization efficiency of V. natans at 2.5–5 mg/L nitrate-N in the water column, when epiphytic algal biomass was reaching a high level. This result was consistent with the demonstration that an epiphytic algal boom resulted in the decline of chl-a density in the leaves of plants [33,34].



Under stress or aging, antioxidant enzymes form a protective system in plants. When the stress is too strong, the system breaks down, lots of active oxygen accumulates in plants and causes membrane lipid peroxidation, and damage to plants is eventually observed [46]. MDA is one of the end products of membrane lipid peroxidation and can be used as an important index of physiological stresses [57]. The change of MDA content in plants indicates the degree of membrane damage of plant cells by stress [58]. In this study, the MDA content of V. natans in the epiphytic algae group showed slight increases as the nitrate-N concentration increased from 0.5 to 10 mg/L. However, in the no epiphytic algae group, the MDA content showed an obvious increase. This result indicates that epiphytic algae specimens have obvious effects on the membrane lipid peroxidation of V. natans, as did an elevated nitrate-N concentration. Compared with the no epiphytic algae group, the MDA content in the epiphytic algae group showed little increase under the pressure of both epiphytic algae and increasing nitrate-N concentration, which can probably be explained by the fact that the increased antioxidative response alleviated or prevented lipid peroxidation [21,22].



Free proline will largely accumulate in plants under stress conditions, such as salinization and drought. It has a strong capacity of water binding, which makes it really important in osmotic adjustment in plants under osmotic stress conditions, and can be a physiological index of stress resistance. Some previous studies illustrated that free proline could serve as an indicator for unbalanced nitrogen nutrition [59,60]. In this study, in both epiphytic algae groups, the free proline content of V. natans increased when the nitrate-N concentration was 0.5–5 mg/L, indicating that V. natans could synthesize proline as a compatible compound to sequester excessive nitrogen. When the nitrate-N concentration was 5–10 mg/L, the decrease of free proline content could probably be explained by the fact that the tissues of V. natans leaves were damaged resulting from a high concentration of nitrate-N in the water column. The results suggest that the capacity of this mechanism to sequester nitrogen is limited for V. natans, which only worked when the nitrate-N concentration was not over 5 mg/L.



Soluble carbohydrates, as important metabolites in plant metabolism, play a crucial role in the plant defending system against infection and wounds, as well as in the detoxification of foreign substances [61]. The content of soluble carbohydrates in plants is liable to be effected by external stress [62]. In our study, the soluble carbohydrates content of V. natans in the epiphytic algae group increased when nitrate-N was 0.5–2.5 mg/L (p < 0.05), and decreased when nitrate-N was 2.5–10 mg/L; meanwhile, it was lower than that in the no epiphytic algae group with no significant differences (p > 0.05). Our findings suggest that nitrate-N content below 2.5 mg/L could promote the accumulation of soluble carbohydrates, but has an inverse effect when nitrate-N is 5–10 mg/L. Epiphytic algae would cause a reduction of soluble carbohydrates in all nitrate-N concentrations compared with the no epiphytic algae group, but this phenomenon is indistinctive and more further studies are expected. The reduction of soluble carbohydrates may possibly be explained by the detoxification of nitrate-N in plant cells. Soluble carbohydrates can be used as energy sources to support the complex detoxification processes, such as the removal of nitrate-N from the plant cells and assimilation to free amino acids [63].



The changes of soluble proteins content in plants under stress conditions are responsible for adaption in metabolic pathways [64]. Protein synthesis and degradation respond differently to stress conditions according to the stress resistance of plants. Yan et al. [65] found that protein contents increased in Hydrilla verticillata at 0.5–4 mg/L ammonia-N, but decreased sharply at 4–16 mg/L ammonia-N. In the present study, soluble proteins content in V. natans in the epiphytic algae group showed a remarkable increase at 0.5–2.5 mg/L nitrate-N (p < 0.05), but a prominent reduction at 2.5–10 mg/L nitrate-N (p < 0.05). A similar trend could be observed in the no epiphytic algae group but was less significant between treatments (p > 0.05). Under moderate stress imposed by epiphytic algae and nitrate-N, soluble proteins in V. natans could probably accumulate as compatible compounds to release stress in plant cells. Given excessive stress, the reduction of soluble proteins content may be caused by protein degradation under stress [66], or by protein fragmentation due to the toxicity of reactive oxygen species [67].



A stress situation can impose a prominent effect on physiological changes in plants by inducing reactive oxygen species (ROS) in cells and tissues to cause damage [55]. SOD, POD, and CAT are important anti-oxidant enzymes in the protective defense system to eliminate or reduce ROS in plants. The capacity of the anti-oxidant defense system often increases under stress conditions [68]. Yu et al. [69] showed that, when N/P concentrations exceeded 400/25 μmol/L in overlying water, SOD, POD, and CAT activities decreased. Su et al. [55] implied that the activity of SOD in Egeria densa apical shoots increased with elevated ammonia-N (1–60 mg/L) and prolonged exposure. However, in the present study, SOD, POD, and CAT activities of V. natans in the epiphytic algae group increased when the nitrate-N concentration was 0.5–5 mg/L and remained nearly constant or decreased when nitrate-N was 5–10 mg/L, while a sustained increase occurred in the no epiphytic algae group. This result suggests that the stress resistance of V. natans was compromised by over-high stress exerted by epiphytic algae and over-high nitrate-N concentration. Compared to the no epiphytic algae group, SOD, POD, and CAT activities of V. natans in the epiphytic algae group were prominently higher (p < 0.05) when nitrate-N was 5 mg/L, which may be the result of a synergetic effect of epiphytic algae and increased nitrate-N concentration.




5. Conclusions


	
Increasing nitrate-N concentration in the water column affected the growth of epiphytic algae on V. natans. Epiphytic algal biomass attached on leaves of V. natans reached the peak when the nitrate-N concentration was 2.5–5 mg/L, then decreased when nitrate-N was higher.



	
High density of epiphytic algae could significantly inhibit the biomass accumulation of V. natans, while increasing the nitrate-N concentration (2.5 mg/L–10 mg/L) in the water column, which could counteract the adverse effect of epiphytic algae and promote the biomass accumulation of V. natans.



	
Both epiphytic algae and a high nitrate-N concentration (above 5 mg/L) could severally or synergistically produce adverse effects on V. natans by influencing physiological indexes, which could hurt and inhibit the growth of V. natans.






This study provided direct evidence that the recession of submerged macrophytes is directly related to the overgrowth of epiphytic algae. Meanwhile, a high density of epiphytic algae and increasing nitrate-N concentration in the water column can synergistically exert severe stress on the physiology of submerged macrophytes which may lead to a recession.
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