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Abstract

:

Submerged plants and related disturbances can affect both the phosphorus (P) release and the microbial communities in sediments. In this study, a sediment resuspension system was constructed, and P variability characteristics influenced by Vallisneria natans (V. natans) and the response mechanism of the microbial community were studied. The results indicated that the total phosphorus (TP) content increased from 678.875 to 1019.133 mg/kg and from 1126.017 to 1280.679 mg/kg in sediments and suspended solids (SSs) during the sediment resuspension process, respectively. Organic P (OP) increased by 127.344 mg/kg and 302.448 mg/kg in sediments and SSs after the disturbance, respectively. The microbial communities in the sediments and the leaves of V. natans had higher Chao values after the disturbance, while Shannon values decreased after the disturbance compared to the control in SSs. Proteobacteria had the highest abundance with the value of 51.1% after the disturbance in the sediments and SSs, and the abundance values of Proteobacteria in rhizomes and leaves of V. natans could reach 73.2% on average. Chloroflexi, Acidobacteria, and Firmicutes were also the main phyla in the sediment resuspension system. Sodium hydroxide extractable P (NaOH-P) in sediments could reduce the bioavailability of this P fraction under disturbance conditions. The decrease in the abundance of Bacteroidetes and Nitrospirae indicated that they were more sensitive to the disturbance, and the rotational speed changed the survival conditions for the Bacteroidetes and Nitrospirae. The response mechanism of microbial community during the sediment resuspension process could reflect the influence of the microbial community on the changing characteristics of P and could provide a theoretical foundation for P control at the micro level.
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1. Introduction


Disturbance is an important factor affecting phosphorus (P) cycling in the sediment–water interface of shallow lakes, and it can affect P transport and transformation in lakes directly [1,2]. The process of sediment resuspension caused by disturbance plays an important role in the P transport, transformation, and cycling in lake water ecosystems. Suspended solids (SSs) produced by disturbance are the main carriers of P transport and sedimentation in the overlying water body [3]. SSs can adsorb P in the overlying water, and different fractions of P can also migrate with most movements of SSs, which are ultimately deposited at the bottom of the lake [4,5]. Related studies have emphasized the important role of SSs as carriers of particulate nutrients in supporting the primary productivity of aquatic systems [6,7]. The physical and chemo-biological properties of SSs reflect the different mechanisms involved in P transport, and the sorption characteristics of SSs are also a key factor influencing P transport [8]. Previous studies have shown that SSs are able to control changes in the P phase in sediments during wind and waves by changing the particle size, source, and flow paths [9]. Phosphorus carried by SSs has significant impacts on aquatic ecosystems, leading to algal growth and eutrophication occurrence in lakes [7,10]. In addition, P in SSs is highly bioavailable, which promotes the transport of sodium hydroxide extractable P (NaOH-P) and enhances the bioavailability of P in the water [11].



Usually, the presence of submerged plants in lake systems will affect the sediment resuspension to some extent, which further influences the P release and uptake characteristics of sediments and SSs [12]. Submerged plants play different roles in the structure and function of lake ecosystems [13]. As the main medium connecting overlying water and sediments in shallow lakes, they can absorb biologically effective P from sediments through the influence of root microorganisms to effectively reduce the diffusion of P from sediments to the overlying water according to the interstitial water [14]. Submerged plants can also use their rhizomes and leaves to effectively intercept and adsorb particulate matter in the water column and adsorb soluble P in the water through the particulate matter, which can effectively reduce the P load in the water [15,16]. In addition, in an aerobic environment, microorganisms in submerged plants can enrich phosphate [17] and excess P is stored as phosphate in plant cells, while in anoxic environments, phosphorus will be released [18].



In the plain river network areas, P release and transformation in shallow lakes is a very complex process due to the interaction between the disturbance from wind or waves and submerged plants [12]. Previous studies only focused on the inhibitory effect of submerged plants on sediment resuspension, such as the decrease in SSs and P concentration in the overlying water or P release from the sediments, and often ignored the participation of the microbial communities of submerged plants on P release and distribution in the process of disturbance [19,20]. In this study, a sediment resuspension system was constructed, and the P variability characteristics influenced by Vallisneria natans (V. natans) during the sediment resuspension process with a rotational speed of 150 rad/min were analyzed. Then, the change in microbial communities before and after the resuspension process was also discussed, which could reveal the response mechanism of the microbial community to the sediment resuspension process. According to the sediment resuspension system, a real simulated environment, such as 150 rad/min, could simulate real wind and wave disturbance, and the results could provide the theoretical foundation of P release control from sediments and SSs.




2. Material and Methods


2.1. Experiment Design and Sample Collection


A sediment resuspension system was simulated on an experimental apparatus. As shown in Figure 1, in order to simulate the ratio of the water depth and sediment thickness (3:1), the apparatus consisted of two acrylic columns, each with a diameter of 15 cm and a height of 50 cm, and 10 cm deep sediment was placed into each column and covered with 30 cm of overlying water, while plants were planted. The sediment samples were obtained from the plain river network areas, and V. natans was used to structure the sediment resuspension system. The control group was not treated. The treatments of the sediment resuspension system were stirred thoroughly by a stainless-steel stirrer at the speed of 150 rad/min, controlled by a variable-speed motor, for 1 h per day for a total of 21 days.



The sediments (Ses), suspended solids (SSs), rhizomes (Gs), and leaves (Ys) of V. natans samples were collected from the sediment resuspension system. The collected samples, sediments, suspended solids, rhizomes, and leaves from the beginning of the experiment were denoted as Se_CK, SS_CK, G_CK, and Y_CK, respectively. The samples collected from the sediment resuspension system on the last day of the experiments were also collected, and were denoted as Se_150, SS_150, G_150, and Y_150 for sediments, suspended solids, rhizomes, and leaves, respectively.




2.2. Experimental Methods


The phosphorus fractions can be divided into total P (TP), sodium hydroxide extractable P (NaOH-P), hydrochloric acid extractable P (HCl-P), inorganic P (IP), and organic P (OP) according to the SMT protocol [21]. The P concentration in the extracted solution or overlying water (soluble active phosphorus, SRP) was determined with the molybdenum blue method after the solution was filtered, and the TP in rhizomes, the leaves of V. natans, and particular P (PP) in water was also measured after digestion [22,23].



DNA was extracted and purified from the sediment and plant samples by a PowerSoil DNA Isolation Kit (Mobio Laboratories Inc., San Diego, CA, USA) according to the manufacturer’s manual. The DNA concentration and purity were analyzed using a NanoDrop Spectrophotometer (Thermo Scientific NanoDrop Lite, CA USA). The V4–V5 regions of bacterial 16SrRNA genes were amplified with universal primers 515F (GTGCCAGCMGCCGCGGTAA) and 926R (CCGTCAATTCMTTTRAGTTT). The PCR mixture (25 μL) contained 1× PCR buffer, 1.5 mM MgCl2, 0.4 μM each of deoxynucleoside triphosphate, 1.0 μM of each primer, 0.5 U of TaKaRaEx Taq, and 10 mg of template DNA.




2.3. Data and Statistical Analysis


The diversity indices (Simpson and Shannon) and the richness estimator, abundance-based coverage estimator (Chao), of the microbial communities in sediments, plants, or SSs were analyzed using the Usearch [24] and QIIME pipeline [25]. Redundancy analysis (RDA) based on population abundance and P fraction contents was executed using the Canoco version 5.0 software. The relative abundances of the microbial communities on phylum level in sediments or SSs and the contents of P fractions in sediments or SSs were used to analyze their relationship with each other according to IBM SPSS Statistics 21 (Pearson).





3. Results and Discussion


3.1. Changes in P Characterization during Sediment Resuspension Process


The P contents in the sediments and SSs were measured and the results are shown in Figure 2a. The results showed that the contents of different P fractions increased significantly in the disturbed state, which indicated that sediment resuspension had a significant effect on the release of endogenous P. The content of IP and OP in sediments or SSs had an increasing trend after the disturbance, with the OP content in sediments increasing from 103.345 mg/kg to 127.344 mg/kg, and OP in SSs increasing from 248.552 mg/kg to 302.448 mg/kg. Overall, IP accounted for the major portion of TP, indicating that IP might be more accessible to the water column due to biomineralization and chemical release during the sediment resuspension process, and the increase in TP concentration further confirmed the release of P from the sediments due to the disturbance. In addition, the TP contents of the sediments increased from 678.875 mg/kg to 1019.133 mg/kg, and TP in SSs increased from 1126.017 mg/kg to 1280.679 mg/kg under disturbed condition. The increase in TP suggested that the disturbance enhanced the bioavailability and mobility of P. Disturbance of sediments could result in the P transformation from a fixed form to a more bioavailable form, which would, in turn, affect the nutrient balance and water quality of the water body. P in sediments existed primarily in a chemically precipitated or adsorbed state, and disturbance could destabilize these physical or chemical bonds, releasing P into the water column and leading to an increase in P contents in SSs [26].



The SRP and PP in overlying water and TP in V. natans were also measured in this study, and the results are shown in Figure 2b. The results indicated that SRP and PP concentrations decreased after the disturbance, SRP increased from 0.025 mg/L to 0.042 mg/L, and PP increased from 0.190 mg/L to 0.390 mg/L. This might be due to the fact that V. natans took up more P under disturbed conditions, or that the disturbance resulted in the transport of P from the plant body to the external water [27,28]. Disturbance promoted the PP transformation in the overlying water, and disturbance could also increase the P bioavailability in the sediments, which could lead to P redistribution in the sediments to the overlying water and SSs. In addition, the P contents in roots and leaves of V. natans decreased from 3.12 to 2.09 g/kg and 2.81 to 2.52 g/kg, respectively. This might be explained by the influence of the disturbance. The above phenomenon was caused by different factors. On the one hand, the algae need mire nutrients (such as P) to support growth, and P bioavailability is one of the most significant factors for algal growth. Therefore, during the sediment resuspension process, the increase in P bioavailability could promote the growth of algae, causing the P content of the whole aquatic system to increase [29,30]. On the other hand, the increase in P in the overlying water might alter the chemistry of the water column, disrupting the environmental P balance, thus increasing the risk of its release in sediments [31].




3.2. Diversity Analysis of Microbial Community in the Sediment Resuspension System


The diversity indexes (Chao, Shannon, and Simpson) were also analyzed to discuss the microbial community structure change during the sediment resuspension, and the results are shown in Figure 3. The Chao index mainly reflected the species richness in the microbial community, and the results indicate that there was a significant increase in the Chao index in sediments and leaves of V. natans after the disturbance (R150). In contrast, the diversity indexes of SSs and the rhizomes changed little. After the disturbance, the values of Chao in sediments increased significantly, indicating an increase in species richness, which might be due to the fact that the disturbance resulted in the release of more microorganisms from the sediments into the overlying water. Therefore, there was also an increase in the number of microbial species in SSs [32,33]. The Chao index values of the rhizomes and leaves in V. natans did not change much after the disturbance, probably because the microorganisms on the surface of V. natans were relatively stable and less susceptible to physical disturbance [34]. The previous study suggested that the conditions of sediment resuspension might have introduced more habitat microenvironments due to the physical disturbance, and that allowed microorganisms and nutrients from the sediments to be stirred up into the upper water column, increasing the microbial diversity. In addition, specific anaerobic microorganisms in sediments might enter the aerobic layer as a result of the disturbance and interact with microorganisms in the new environment [26].



The values of Shannon put more emphasis on species evenness, while Simpson focuses more on the effect of dominant species. As shown in Figure 3c, the values of Shannon decreased after the disturbance compared to the control in SSs, indicating that the diversity and evenness of the microbial community decreased after the disturbance. The values of Shannon also decreased after the disturbance in sediments, indicating that although the species might have become more abundant, certain species in the community might have begun to dominate, resulting in a decrease in overall diversity [35]. The values of Shannon in rhizomes and leaves of V. natans showed little change or a slight decrease after the disturbance, again suggesting that the microbial community on the surface of the plants was relatively stable and not susceptible to disturbance. The sediments and SSs had relatively higher Simpson values after the disturbance, suggesting that dominant species were beginning to play a more important role in the community and that diversity was actually decreasing [36]. The Simpson values of rhizomes and leaves of V. natans also showed small increases or remained stable after the disturbance, suggesting that the dominant species might have strengthened their position.



Overall, the sediment resuspension caused by disturbance could change the diversity and richness of the microbial communities in sediments, SSs, and plants; the diversity and richness increased, especially the microbial diversity in the sediments, as it increased significantly. This might be due to the fact that the sediment resuspension brought microorganisms and nutrients from the bottom layer into the overlying water, providing new growth environments and resources for microorganisms. Comparatively, the microbial community on the rhizomes and surface of the plants’ leaves was less affected by the disturbance and showed greater stability [37].




3.3. Distribution of the Microbial Community in Sediments and Suspended Solids at Phylum and Genus Levels


The microbial community distribution at phylum and genus levels in sediments and SSs is shown in Figure 4. The microbial community structure in SSs showed relatively small changes before and after the disturbance, which suggested that the microbial community might be relatively stable under this environmental condition. The microbial community structure in sediments showed a difference before and after the disturbance. The abundance of Proteobacteria increased from 46.1% to 51.1%, while the abundance of Chloroflexi decreased from 10.1% to 8.6%. Proteobacteria are usually one of the most common microbial phyla in aquatic environments, and they play an important role in redox processes [38]. The increase in their relative abundance after the disturbance might indicate an increase in the oxidative environment or the availability of organic matter. Chloroflexi are commonly found in anaerobic or microaerobic environments, and their decrease might be indicative of improved oxidative conditions following sediment disturbance [39,40]. After sediment resuspension, Bacteroidetes and Acidobacteria also showed some proportional variations, which might be related to their role in organic matter decomposition and nutrient cycling. The disturbances could increase the level of oxidation in the surface sediment layer and affect the structure and function of the microbial community, especially the microorganisms, which are redox-sensitive. Then, the disturbances could lead to the reorganization of microbial communities in sediments, which could cause significant changes to the microbial community abundance in sediments [41,42]. At the same time, disturbance induced the resuspension of nutrients in the sediments, providing an additional source of nutrients for microorganisms in overlying water, which in turn affected the ecosystem of the entire water body.



Figure 4b shows the microbial community distribution at genus level in sediments and SSs. The relative abundance of most of the microbial genera remained stable, showing that the microorganisms in SSs were highly adaptive to the disturbance. In sediments, the disturbance caused changes in the relative abundance of some microbial genera, such as Desulfobulbus and Desulfatiglans. Desulfobulbus and Desulfatiglans are sulphate-reducing bacteria, and changes in abundance are more pronounced, especially in sediments [43]. Disturbance led to an increase in the abundance of these microorganisms, which implied an increase in the production of sulphide, and in turn might affect the reactions associated with P. Sulphides could react with metal ions to form insoluble metal sulphides, reducing the opportunity for P to bind to metal ions, potentially leading to more P in a dissolved form and increasing its bioavailability. Geobacter plays a key role in the iron cycle, particularly through iron reduction and influencing P release. The abundance of Geobacter increased in sediments, as well as in SSs after the disturbance, promoting more iron reduction in sediments, which in turn released iron-bound P and increased P bioavailability [44].




3.4. Distribution of Microbial Community of the Plants at Phylum and Genus Levels


The relative abundance change in each microbial phylum in the rhizomes and leaves of V. natans under disturbance conditions is shown in Figure 5a. The results showed that the disturbance had little effect on the abundance of the microbial community in rhizomes and leaves, indicating that these microbial communities were relatively stable after the disturbance. Proteobacteria dominated (73.2% in average) and their relative abundance did not change significantly after the disturbance, and the phenomenon was different from sediments and SSs. Actinobacteria and Firmicutes are microorganisms that also play important roles in decomposing organic matters and nutrient cycling [45]. Their abundance did not change significantly after the disturbance in rhizomes, suggesting that their role in the P cycle might not have been significantly affected. In the leaves, the abundance of Firmicutes decreased from 5.2% to 1.1%, which indicated that the leaves might participate in the P sorption during the sediment resuspension [46]. These phyla caused P release during organic matter decomposition, which had a direct impact on P bioavailability. The abundance of Chloroflexi and Acidobacteria in rhizomes and leaves also changed during the disturbance, and they had more specific roles in the environment, including involvement in the decomposition of complex organic matter and P transformations in the sediments. Although changes in their abundance were not significant in rhizomes and leaves, their activities had potential effects on P morphology and availability, particularly in the rhizomes of the plants, which might affect P uptake and storage. Disturbance might alter sediment properties around roots, such as pH and redox state, affecting P release and fixation mediated by microorganisms [47,48]. Disturbance might also result in the redistribution of nutrients in roots, influencing plants’ P uptake efficiency. Overall, the relative stability of the microbial community suggested that the rhizomes and leaves of V. natans were resistant to environmental perturbations.



The change in genus abundance in rhizomes and leaves had a similar trend to the phylum abundance (Figure 5b), and the relative abundance of most of the microbial genera did not change significantly after the disturbance, suggesting that these microorganisms were relatively stable in plants. However, Spirochaeta and Propionivibrio showed significant changes in plant leaves, with an increase (from 1.8% to 9.7%) in the abundance of Spirochaeta in leaves after the disturbance, possibly because of the change in environmental conditions (e.g., increases in organic matter and nitrogen sources), while the disturbance provided favourable conditions for these bacteria in anaerobic environments [49]. Although Spirochaeta had no direct connection to the P cycle, their metabolic activities might indirectly affect P availability. Related studies suggested that the P released during the decomposition of organic matter might increase P concentrations, thereby affecting P uptake and utilization in plants. The decreased abundance (from 8.9% to 0.1%) of Propionivibrio in leaves might be attributed to disturbance-induced environmental changes, such as changes in pH and increases in the concentration of organic matter, which provided more substrate for the fermenting bacteria. After the disturbace, the decrease in Propionivibrio might affect the pH of the surrounding environment through their metabolites (e.g., propionic acid), which affected P solubility and P uptake by plant roots [50]. In addition, these bacteria might release P directly during the decomposition of organic matter, increasing the form of P available for plant uptake.




3.5. Response Mechanism of Microbial Community during Sediment Resuspension Process


The correlation analysis between microbial communities and P fractions in sediments/SSs and the RDAs of microbial communities and P contents in the sediment resuspension system are shown in Figure 6(a1, a2). The results indicate that the rotational speed influenced the activity of P, as well as its capacity to handle the microbial community. An increase in rotational speed might lead to enhanced disturbance at the sediment–water interface, altering the microbial growth environment and P morphology. Proteobacteria showed a positive correlation with IP (p < 0.1), suggesting that Proteobacteria might play an active role in P cycling and availability, especially under disturbance conditions, where they might be more effective in facilitating P release or transformation [19]. Chloroflexi showed a negative correlation with NaOH-P (p < 0.1), suggesting that it might reduce the bioavailability of this P fraction under disturbance conditions by some mechanism [51]. The negative correlation of Bacteroidetes and OP indicated that Bacteroidetes might play a role in the mineralization or transformation of OP, and this process could be accelerated or intensified under increased rotational speed. Although OP was not the main P fraction during the release of P from the sediments, during the sediment resuspension process, the P concentration (such as SRP or PP) still increased due to the participation of OP according to the microbial function. Nitrospirae and Planctomycete had less influence on P morphology with the low negative correlations with P fractions, which indicated that they had a more complex influence on P dynamics under specific environmental conditions. This might be due to their metabolic pathways or environmental adaptations. Disturbance increased nutrient resuspension and oxygen diffusion, providing better conditions for microbial activity, which could increase the diversity or richness of the microbial communities. Disturbance might lead to P resuspension in bottom sediments, changing its chemical form and increasing the amount of P available for microbial utilization [52,53].



Figure 6(b1,b2) show the correlation analysis between microbial communities and P content in overlying water and plants, and an RDA was also conducted. The results indicated that Proteobacteria were positively correlated with TP in the rhizomes and leaves of V. natans, suggesting that microorganisms directly affected P content in plants by promoting P uptake and metabolism and participated in the inter-root P conversion process [54]. The SRP concentration in the overlying water was significantly positively correlated with Proteobacteria (p < 0.05), which increased the SRP concentration in the overlying water through the decomposition of organic matters or other pathways of P releasing into the water. IP was the main P fraction in the sediments or SSs and was the significant P source of the overlying water during the sediment resuspension process. The transformation or immigration of IP occurred frequently to increase the SRP concentration in the overlying water. The results also showed that the rotational speed led to greater release of P from the sediments to the overlying water, especially through physical disturbance with the expansion of bacterial activity to increase the opportunities for contact with P in the sediments [55]. The positive correlation of Proteobacteria was significant across all P fractions in rhizomes and leaves, and they could accelerate P cycling when activity increased. In addition, Bacteroidetes and Nitrospirae in rhizomes and leaves of V. natans were negatively correlated with the rotational speed, and the abundance of Bacteroidetes and Nitrospirae decreased. This indicated that microorganisms were more sensitive to disturbance while the rotational speed changed the environmental conditions for their survival [56]. Thus, the function of Proteobacteria was more active during the disturbance with the facilitating of P cycling, whereas Bacteroidetes and Nitrospirae might be more sensitive when responding to the disturbance.





4. Conclusions


Phosphorus content in sediments and SSs increased significantly in response to disturbance, showing the significant effect of sediment resuspension on endogenous P release. Both IP and OP content in sediments increased significantly after the disturbance. IP accounted for the major fraction of TP, indicating that IP was more likely to enter the overlying water. The SRP and PP concentration increased from 0.025 mg/L to 0.042 mg/L, and from 0.190 mg/L to 0.390 mg/L, respectively, which suggested that the disturbance enhanced the P bioavailability and mobility and facilitated the P transformation from a fixed to a bioavailable form to affect the nutrient balance and water quality in overlying water. In addition, significant increases in Chao values in sediments and leaves indicated increased species richness. Although Shannon values decreased after the disturbance, indicating a decrease in diversity due to the dominance of certain species, the increase in Simpson values indicated an increase in the status of dominant species in the SSs and sediments after the disturbance. The composition of microbial communities in sediments and SSs changed significantly before and after the disturbance, especially the increased proportion of Proteobacteria (from 46.1% to 51.1%) and the decreased proportion of Chloroflexi (from 10.1% to 8.6%). In contrast, the microbial community in rhizomes and leaves of V. natans was relatively stable and less affected by the disturbance. Proteobacteria were positively correlated with IP contents (p < 0.1), suggesting that they might play an active role in P release or transformation. Chloroflexi and Bacteroidetes were negatively correlated with NaOH-P and OP (p < 0.1), respectively, which indicated that the mineralization or transformation of OP could be accelerated or intensified under the sediment resuspension process.
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Figure 1. Sediment resuspension system. 
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Figure 2. Changes in P fractions in the sediment resuspension system (a) for sediments and suspended solids, and (b) for leaves and roots. 
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Figure 3. Diversity indexes of the microbial community in the sediment resuspension system with the speed of 150 rad/min (a) for Chao, (b) for Simpson, and (c) for Shannon. 
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Figure 4. Microbial community distribution at different levels in sediments and suspended solids (a) for phylum level and (b) for genus level. 
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Figure 5. Microbial community distribution at different levels of the plants (a) for phylum level, and (b) for genus level. 
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Figure 6. Correlation analyses between different indexes. (a1,b1) for the correlation analysis between microbial communities and P fractions in sediments/SSs or P content in rhizomes and leaves, respectively. (a2,b2) for the RDA of microbial communities and P contents in sediment resuspension system. 
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