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Abstract

:

Ecological restoration in dredging areas has attracted increasing attention. The reconstruction of a submerged plant ecosystem is an important method for aquatic ecosystem restoration. This study has systematically investigated the effect of biochar-improved sediment on the plant growth and decontamination efficiency of a constructed ecosystem. Microbial community composition and structure in the sediment were detected. The results showed that a supplement of 20 mg/g of biochar significantly increased the biomass of the submerged plants compared with other doses (0, 10, and 40 mg/g). The biomass and chlorophyll content were significantly inhibited by supplementing 40 mg/g of biochar. In the Ceratophyllum demersum L. system, TP and NH4+-N concentrations were significantly lower after treatment with 20 mg/g of biochar compared to other doses. In Vallisneria spiralis L. and Hydrilla verticillata (L. f.) Royle systems, NH4+-N, TP, and DO concentrations were significantly different among different biochar treatments. In general, 20 mg/g of biochar improved water quality in different submerged plant systems, while 40 mg/g of biochar had adverse effects on water quality, such as higher NH4+-N and TP concentrations. The dominant microbial community included Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteriota, and Bacteroidota. The structure and function of microbial communities were different among submerged plants and biochar treatments. Our results proposed a construction strategy of submerged plants in the dredging area.
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1. Introduction


Dredging is an effective way to control endogenous pollution [1]. After dredging, the submerged plant community will no longer exist in the entire dredging area. Ecological restoration in dredging areas has attracted increasing attention. The physical and chemical properties of sediments may change after dredging, resulting in nutrients’ barrenness and changes in microbial communities, which makes the healthy growth of submerged plants difficult. Submerged plants are primary producers in the ecosystem. They absorb nitrogen, phosphorus, and other harmful substances in eutrophic water through their own metabolism and microbial interaction and resist the growth of algae [2,3].



Submerged plant systems play an important role in increasing the biodiversity of the aquatic ecosystem, promoting the material and energy cycle in the water body, and maintaining the stable state of the water body and ecological service function. The reconstruction of submerged plant ecosystems is an important method for aquatic ecosystem restoration. Microorganisms in soil and sediment are also important for the ecosystem [4], and they are one of the main driving forces of element circulation and transformation. The analysis of changes in the composition and structure of microbial communities in soil and sediment showed that changes in ecosystem function can be resolved, and a theoretical basis can also be provided for formulating measures to protect and rationally use ecological resources [5]. For example, after dredging, the ecologically beneficial microbe quickly responded to the changing physical and chemical characteristics of sediments caused by dredging disturbances, along with the recombination of microbial groups and abundance [6]. Therefore, the microbial communities acted as an indicator to evaluate the impact of dredging on the ecosystem.



Biochar is a kind of carbon-rich solid material produced by the high-temperature pyrolysis of biomass under anoxic or oxygen-limited conditions [7]. It has a large specific surface area, abundant polar functional groups, and a strong cation exchange capacity [8]. At present, biochar has certain development prospects in contaminated soil remediation and water purification. Due to the special structure of biochar, it is used to adsorb nitrogen [9], phosphorus [10], organic matter [11], metal ions [12], and other pollutants [13]. Previous studies have shown that green oxygen-carrying biochar could improve water quality and reduce N2O emissions [14,15]. At the same time, its unique microporous structure provides an ideal habitat for microorganisms [16], and biochar is able to improve the soil micro-environment, soil microorganism, and soil enzyme activities [17,18]. However, biochar may inhibit the growth of microorganisms due to the adsorbed soil organic carbon and other low-molecular-weight organic matter [19]. Significant changes in soil microbial communities and enzyme activities influence soil biogeochemical processes [17,20]. Biochar impacts plant growth [16]. Biochar is applied in aquatic vegetable cultivation, and it not only improves the quality and yield, but also reduces the edible risk [18]. However, Chi et al. [11] suggested that biochar’s amendment to sediments had a negative effect on the growth of Vallisneria spiralis L. In the presence of polycyclic aromatic hydrocarbons (PAHs), the adsorption of biochar made the PAHs more persistent in water [11,20]. Yet, the mechanism behind all these effects was still unclear. Therefore, it is necessary to study the direct and indirect effects of biochar on submerged plants, as well as the impact of biochar on aquatic ecosystems and its mechanism, which is of important instructive significance for the application of biochar in water eutrophication rehabilitation engineering practices.



Dredging is an effective method used to control endogenous pollution. After dredging, the average diffusive flux of NH4+-N was decreased from 3.17 mg∙m−2∙d−1 to 0.752 mg∙m−2∙d−1, and the average diffusive flux of PO43− was decreased from 0.071 mg∙m−2∙d−1 to 0.011 mg∙m−2∙d−1 in the Nanliu Zhuang area in Baiyangdian Lake [21]. To speed up the rapid recovery of the water environment after dredging in some seriously polluted areas in Baiyangdian Lake, the rapid construction of a submerged plant system is a key link in the improvement of water ecology. This study systematically investigated the effect of biochar-improved sediment on the plant growth and decontamination efficiency of three submerged plant systems (Ceratophyllum demersum L., V. spiralis, and Hydrilla verticillata (L. f.) Royle) through field simulation experiments. In total, 12 ecosystems were constructed. The growth of submerged plants and the characteristics of microbial communities were systematically studied. The objectives of this study were as follows: (1) to analyze changes in the water quality and growth of submerged plants in the constructed ecosystem; (2) to evaluate the effect of different doses of biochar on the water quality and growth of submerged plants; and (3) to assess the microbial communities and potential functions in the constructed ecosystems. The different biochar doses affected the construction of the submerged plant system, which is of great significance in exploring the impact of biochar dose on the submerged plant system and is conducive to promoting ecosystem restoration in dredging areas.




2. Materials and Methods


2.1. Production and Characterization of Biochar


Reed (Phragmites Adans) was chosen as the raw material for biochar production, for it is a typical local plant in Baiyangdian Lake (between 115′45″ E–116′03″ E and 37′45″ N–39′00″ N). The method of biochar production was taken from Song et al. [22] with modifications. Dry reed stems were cut into 3–4 cm segments using a cutter and rinsing with deionized water for 2–3 times to clean the ash and other impurities, and then dried in an oven at 75 °C for 3 h. The dried reed rods were crushed into powder with a pulverizer and compacted in a crucible. Then, the powder was pyrolyzed at 500 °C for 1 h in a muffle furnace. The product was soaked in 1 mol/L hydrochloric acid for 1 h and cleaned with deionized water until the pH was neutral. The obtained biochar was dried at 80 °C for 4 h and passed through 40-mesh sieving (0.45 mm aperture) for subsequent experiments.



Scanning electron microscopy (SEM, Quanta 200, FEI, Hillsboro, OR, USA) was used to characterize the morphology of the biochar. The sample was fixed with conductive adhesive, after which the sample surface was sprayed with gold to complete the preparation; the sample exchange chamber was opened to evacuate the vacuum, and then the samples were put into the sample chamber for final observation at 1000, 3000, 5000, and 10,000 times. Fourier transform infrared spectroscopy (FTIR, Nicolet iS20, Thermo Scientific, Waltham, MA, USA) was used to determine functional groups on the surface of the biochar. The sample was processed using KBr, and data were collected using a Fourier FTIR in the range of 400–4000 cm−1. Biochar particle size was determined using a laser particle size analyzer (Mastersizer 3000, Malvern Panalytical, Marvin, UK). The testing conditions were set as follows: the particle refractive index was 2.42, and the refractive index of the dispersant was 1.33.




2.2. Modification of Sediment by Biochar


Experimental sediment was collected from the Nanliu Zhuang area in Baiyangdian Lake (38′90″ N, 115′95″ E). After calculation, the moisture content of the sediment sample was 23.4%. About 26.11 kg of samples (equivalent to 20 kg dry weight) was put into plastic buckets, and 0, 200, 400, and 800 g of biochar were added into the sediment, respectively. To fully mix the biochar and sediment, about 7 L of water was added into each bucket and stirred thoroughly. After standing for 24 h, the excess water was discharged by siphoning. Four biochar-improved sediments were obtained and marked as H1, H2, H3, and H4; the corresponding concentrations of biochar were 0, 10, 20, and 40 mg/g, respectively. About 2 kg of biochar-improved sediment was placed into a plastic square box (19.8 × 15.0 × 6.5 cm) and was used as the substrate for plant growth.




2.3. Construction of Micro-Ecosystem


In total, 12 micro-ecosystems were constructed using three kinds of submerged plants and four kinds of biochar-improved sediments. Three local plants including C. demersum, V. spiralis, and H. verticillata were chosen as experimental submerged plants, as they were easy obtained and famous in improving water quality [23]. The plants were cultivated in four kinds of biochar-improved sediments, with an initial biomass of about 100 g. A square box with plants was put into opaque polyethylene barrels. The upper and bottom diameters of the barrel were 65 and 55 cm, respectively, and the height of the barrel was 75 cm (Figure 1). Experiment water was collected from Baiyangdian Lake (38′90″ N, 115′95″ E), and the water depth was about 65 cm. Light was supplemented to ensure at least 12 h of sunlight every day.




2.4. Analysis Method of Water Quality and Biomass


Concentrations of ammonia nitrogen (NH4+-N), total nitrogen (TN), chemical oxygen demand (COD), and total phosphorus (TP) were detected according to standard methods using an ultraviolet multi-parameter water quality analyzer (LH-3BA, Lianhua Technology, Beijing, China). Dissolved oxygen (DO) was measured using a dissolved oxygen determining meter (JPBJ-608, INESA, Shanghai, China). Biomass was detected at the beginning and end of the experiment. The submerged plants were gently pulled out of the sediment and washed three times with distilled water. After carefully absorbing the surface water using filter paper, the fresh weight of plants was weighed using an electronic balance.



Chlorophyll content was determined through the ethanol extraction method. Briefly, about 1 g of plant tissues were collected and grinded thoroughly using 95% ethanol. After standing for 5 min, the extraction was filtered, and the absorbance value at 665, 649, and 470 nm was determined using an ultraviolet spectrophotometer. The chlorophyll content was calculated by the following formula [16].


C1 = 13.95A665 − 6.8A649



(1)






C2 = 24.96A649 − 7.32A665



(2)






C3 = (1000A470 − 2.05C1 − 114.8C2)/248



(3)






C = 0.001(C1 + C2 + C3)·V·N/m



(4)




where:




	
C1—Chlorophyll-a content, mg/L



	
C2—Chlorophyll-b content, mg/L



	
C3—Carotenoid content, mg/L



	
C—Chlorophyll content, mg/g



	
V—Extraction volume, mL



	
N—Dilution ratio



	
M—Sample quality, g








The malondialdehyde (MDA) content of the plants was determined using the thiobarbituric acid method. This method was conducted using BC0025 kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Briefly, the shoots (0.5 g) of submerged plant were harvested from each experimental group and ground thoroughly with liquid nitrogen. An extraction buffer was added into the sample, and the supernatant was collected through centrifugation (12,000× g for 15 min). The concentration of MDA was analyzed by a spectrometer [24,25].



The relative growth rate was calculated by the following formula [16].


D = ln (Wf/Wi)/t



(5)




where:




	
D is the relative growth rate of submerged macrophytes, mg/(g·d)



	
Wf is the wet weight of submerged plants at the end of the experiment, g



	
Wi is the wet weight of submerged plants at the beginning of the experiment, g



	
t is the time, day









2.5. High Throughput Sequencing Analysis


Sediments in the constructed micro-ecosystem were collected in triplicate and stored in a refrigerator at −80 °C after mixing. Genomic DNA was extracted according to the instructions of the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA). The primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) targeting the V4–V5 regions of bacterial 16S rDNA genes were used for bacteria analysis [16]. For the TransStart Fastpfu DNA polymerase analysis, the detection was conducted by PCR apparatus (ABI Gene Amp® 9700, Thermofisher, Waltham, MA, USA) with 20 µL butter solution, which was composed of 4 µL 5× FastPfu Buffer, 2 µL 2.5 mM dNTPs, 0.8 µL 5 µM Forward Primer, 0.8 µL 5 µM Reverse Primer, 0.4 µL FastPfu Polymerase, 0.2 µL BSA, and 10 ng Template DNA, and H2O was added to make up 20 µL. The details of PCR reaction parameters were as follows: 3 min at 95 °C (1 cycle), 30 s at 95 °C, 30 s at 55 °C, 45 s at 72 °C (27 cycles) and 10 min at 72 °C as a final extension; then, the temperature was kept at 10 °C until halted by the user [26]. The PCR product was detected by 2% agarose gel electrophoresis, and the electrophoresis pattern was detected by 3 µL loading. Then, the samples were sent to Majorbio Bio-pharm Technology Company (Shanghai, China) for further analysis. Using Ribosomal Database Project (RDP) classifier Bayesian analysis, sequences with 97% similarity were clustered into operation taxonomic units (OTUs). Considering the validity of the confidence threshold was over 0.7, the normalization sequences in each OTU were compared with the Silva128/16S-bacteria database.




2.6. Statistical Analysis


Data processing, analysis and plotting were completed using SPSS 20 software and Origin Pro 8.5. The differences among groups were analyzed using the one-way analysis of variance (one-way ANOVA) method followed by Duncan’s test and Student’s t-test. The significance analysis between groups was conducted using Student’s t-test. p < 0.05 was set as significant difference.





3. Results and Discussion


3.1. Characteristics of Biochar


Based on the results of SEM (Figure 2A–D), the reed–biochar prepared in this study had a rich-pore structure. Most of the biochar particles were between 10 and 800 μm, accounting for more than 90% of the total particle size (Figure 2E). After calculation, the specific surface area was 135 m2/kg. Due to the existence of macropores and small pores, the specific surface area of biochar increased significantly, which was an important reason for the high adsorption performance of biochar [27]. The porous structure of biochar was not only conductive to the attachment of bacteria but also provided a habitat and carbon source for microorganisms.



The data of FTIR showed there were six characteristic peaks in the range of 400~4000 cm−1 (Figure 2F). The absorption peaks with wave numbers of 805.17 cm−1 and 877.27 cm−1 were suggested as -C-H- on the aromatic ring, and the absorption peak at 1103.11 cm−1 was mainly caused by -C=C- and C=O of carboxylic acid. The stretching oscillation absorption peak of the ether group was at 1584.52 cm−1, and the absorption peak of hydroxyl was at 3639.17 cm−1 [8]. The biochar prepared in this study contained abundant functional groups and was a potential decontaminate material.




3.2. Effects of Biochar on Submerged Plants


After 30 days of incubation, the biomass of three submerged plants was measured (Figure 3A), and the relative growth rates were calculated (Table 1). The biomass of C. demersum in the H3 group was significantly higher than in other groups, with an average value of 1124.3 ± 92.3 g. A higher concentration of biochar treatment (H4 group) significantly decreased the biomass of C. demersum, with an average value of 703.2 ± 32.1 g. The biomass of V. spiralis reached maximum in group H3, with an average value of 1525.6 ± 123.5 g. There was no significant difference between the 10 mg/g and 20 mg/g of biochar treatment groups. The biomass of V. spiralis in H4 group was significantly lower than in other groups. As for H. verticillata, 20 mg/g of biochar significantly increased the biomass (905.8 ± 53.3 g) compared with other dosages. Moreover, 40 mg/g of biochar decreased the biomass of H. verticillata (693.3 ± 36.5 g). Based on the results of the relative growth rate (Table 1), 20 mg/g of biochar treatment showed the highest relative growth rate in three plants. And V. spiralis displayed a relatively faster growth rate. In general, the biomass of the three submerged plants was significantly increased in the treatment of 20 mg/g of biochar, and significantly decreased in the treatment of 40 mg/g of biochar. This promotion might be caused by the enrichment of nitrogen, phosphorus, potassium, and other elements in biochar, which were beneficial to plant growth. However, the biochar contained various heavy metals, polycyclic aromatic hydrocarbons (PAHs) and persistent free radicals, which inhibit plant growth, especially in the early stages of plant growth [28,29,30]. Thus, a higher dosage of biochar might produce toxic effects in submerged plant growth.



The chlorophyll contents of three plants under different biochar treatments were detected (Figure 3B). The results showed that the chlorophyll contents were slightly increased in groups H2 and H3, compared with in group H1. Notably, in the treatment of 40 mg/g biochar (group H4), the chlorophyll contents were significantly decreased compared with other groups. Chl-a, Chl-b and carotenoids in chlorophyll can combine natural light energy absorption with carbon dioxide to synthesize carbohydrates [31]. Biochar has a large effective surface area and high porosity, properties that enhance the ability to interact with matter through physical or chemical adsorption. Biochar increases the amount of carbon dioxide in water, resulting in an increase in chlorophyll content. Chlorophyll concentration reflected the efficiency of plant photosynthesis, which plays an important role in the process of converting organic matter into chemical energy. These results suggested that the photosynthesis of three submerged plants was inhibited under the treatment of high concentration of biochar (40 mg/g). However, at a higher concentration of biochar, the adsorbed contaminant is toxic to plants.



MDA concentrations of three submerged plants were detected to evaluate the growth status of the plants. The results showed that MDA concentrations were significantly different among different biochar treatments (Figure 3C). The MDA content of C. demersum decreased as the concentration of biochar increased. The concentration of MDA was lowest when treated with 20 mg/g of biochar. In the H4 group, the MDA concentration increased sharply and was significantly higher than in other groups. The tendency of MDA in three submerged plants was similar. MDA worked together with antioxidant enzymes to cope with external stress, such as water depth, light intensity, high temperature, and heavy metal pollution [32]. In order to resist the external stress, the concentration of MDA increased. However, if the plant was under this stress for a long time, the MDA value gradually decreased, and the plant gradually declined [33]. In this study, the MDA content of the H3 group was significantly lower than that of the other three groups. The results indicated that the environment was relatively suitable for the growth of plants, while in group H4, the MDA concentration was significantly increased, indicating that 40 mg/g of biochar was harmful for submerged plants. Combined with the concentrations of biomass, chlorophyll, and MDA, 20 mg/g of biochar was suitable for the growth of three submerged plants. A higher concentration of biochar inhibited the plant growth. A recommended supplement of biochar in the sediment was 20 mg/g.




3.3. Effect of Biochar on Decontamination Efficiency of Submerged Plant System


The influence of different biochar doses on the decontamination efficiency of the submerged plant systems was explored. Concentrations of TN, NH4+-N, TP, COD, and DO in the submerged plant systems were detected during the experiments (Figure 4). These systems were stable after 10 days, and decontamination efficiency among groups was compared using data collected from 20 to 30 days. In the C. demersum system (Figure 4A–E), TP and NH4+-N concentrations were significantly different among groups (p < 0.05), in which the H3 group showed significantly lower concentrations of TP and NH4+-N. Additionally, the COD concentration in the H4 group was significantly higher than in the H1 group. In the V. spiralis system (Figure 4F–J), NH4+-N, TP, and DO concentrations were significantly different among groups (p < 0.05). NH4+-N and TP concentrations in the H4 group were significantly higher than those in the H2 and H3 groups, and DO concentration in the H4 group was significantly lower than that in the H2 and H3 groups. As for the H. verticillata system (Figure 4K–O), concentrations of TN, NH4+-N, TP, and DO were significantly different among groups (p < 0.05). NH4+-N, and TP concentrations were significantly lower in the H3 group than that in the H1 and H4 groups. NH4+-N, and TP concentrations were significantly higher in H4 than those in H2. DO concentration was highest in the H3 group and lowest in the H4 group. In a word, the H3 group exhibited lower TN, NH4+-N, and TP concentrations and a higher DO concentration in different submerged plant systems.



Throughout the experiments, 20 mg/g of biochar improved water quality in different submerged plant systems, with significantly lower concentrations of NH4+-N and TP. Compared with the control group, 40 mg/g of biochar improved the pollutant concentrations in these systems. Our results were consistent with previous studies that supplementing low doses of biochar to sediments can improve water quality and promote the growth of submerged plants [34]. The DO concentration of different treatment groups was H3 > H2 > H1 > H4. The effect of biochar on dissolved oxygen was similar to that on other parameters; as the dose of biochar increased, the DO concentration increased at first and then decreased. An appropriate dose of biochar could increase the concentration of DO in water, but excessive addition of biochar reduced the DO concentration. Excessive biochar affected the root environment of submerged plants by producing toxic and harmful substances. These substances inhibited the growth of local submerged plants and affected photosynthesis and the oxygen release ability. Oxygen limitation in roots led to a decrease in aerobic bacteria in the sediment and might reduce the removal efficiency of ammonia nitrogen. Moreover, the effect of the biochar on different submerged plant systems was different. Supplementing 20 mg/g of biochar could significantly decrease the TN, NH4+-N, and TP concentrations in the H. verticillata system. However, in the C. demersum and V. spiralis systems, the addition of 20 mg/g of biochar significantly decreased the NH4+-N and TP concentrations. We suggest that these differences were caused by the species of submerged plants.



In groups supplemented with 20 mg/g of biochar, biochemical properties in different submerged plants systems were compared. The results showed that DO in the C. demersum system was significantly higher among the three groups. Moreover, the biomass of C. demersum was not the highest, which indicated that the C. demersum was a relatively suitable submerged plant in the constructed ecosystem.




3.4. Analysis of Microbial Community in Constructed Submerged Plant Systems


To fully understand the composition and structure of the microbial community in the constructed submerged plant systems, microbiota in the sediment from different eco-systems were charactered. In total, there were 6391 OTUs obtained from 12 samples, which were assigned to 51 phylum, 164 classes, 367 orders, and 958 genera. The dominant microbial community included Proteobacteria, Acidobacteria, Chloroflexi, Actinobacteriota, Bacteroidota, Gemmatimonadota, Methylomirabilota, and Planctomycetota (Figure 5A). Microorganisms play an indispensable role in the growth and reproduction of plants. Proteobacteria, Acidobacteria and Chloroflexi were the most abundant in this study, and they have been proved to participate in the metabolism of carbon, nitrogen, and sulfur [35]. They can provide nutrition for plants and help plants resist external stress. Additionally, Acidobacteria contains a lot of acidophilic bacteria possessing good phosphorus removal effect [36]. The relative abundance of Proteobacteria in the C. demersum, H. verticillata and V. spiralis system were 26.18%, 23.10%, and 23.78%, respectively. In the C. demersum system, the H3 and H4 groups possessed higher proportions of Proteobacteria. However, in the H. verticillata system, Proteobacteria levels were lowest in the H3 group and highest in the H4 group. The relative abundance of Proteobacteria in the V. spiralis system was almost the same under various biochar treatments. There was not much difference in the relative abundance of Acidobacteria and Chloroflexi among the submerged plants. As for Actinobacteriota, the C. demersum system possessed the highest proportion (9.16%) and the V. spiralis system possessed the lowest proportion (7.93%). The relative abundance of Bacteroidota in the C. demersum, H. verticillata and V. spiralis system were 5.17%, 5.86%, and 6.61%, respectively. The relative abundances of the dominant microbes in different ecosystems were not significantly different, which might due to a relatively shorter domestication time (one month).



At genus level, unclassified genera in the order Vicinamibacterales (4.17%) and Rokubacteriales (3.15%) were the most abundant members, followed by unclassified genera in the family Vicinamibacteraceae (2.86%), Arthrobacter (2.85%), and Massilia (2.83%) (Figure 5B). The relative abundances of Massilia and unclassified members in the family Steroidobacteraceae were highest in the C. demersum system H3 group, with abundances of 5.59% and 3.47%, respectively. Massilia was reported as a regular soil microbe [37] and was effective in the degradation of phenanthrene and BTEX (Benzene, Toluene, Ethylbenzene, Xylene) [38,39]. The higher proportion of Massilia in the C. demersum system might function in the degradation of organic matters in biochar. In addition, Arthrobacter was also reported as a phenol degradation bacterium [40]. The relative abundance of Arthrobacter was higher in the C. demersum and H. verticillata systems, especially in the H3 group. These results indicated that amending biochar might change the composition of microbes in the sediment. However, the differences in our studies were not significant, which might be due to the insufficient experimental time. As the composition of biochar is complex and contains refractory organic matters, the long-term monitoring of these ecosystems is necessary.



The structures of microbial communities in 12 ecosystems were analyzed using Bray–Curtis based on the OTU level. The results showed that the microbial structure was different among submerged plants and biochar treatments (Figure 6). Samples from the H. verticillata systems were relatively clustered, indicating that supplementing biochar barely influenced the structure of the microbiota in this eco-system. However, samples from the C. demersum were relatively dispersed, suggesting a different microbial structure in the sediment. In response to different environments, the microbial community structure will reconstruct and finally reach a new balance [34], while it is difficult to change the stability of microbiota in short-term biochar treatments [41].



The potential functions of microbial community in constructed ecosystems were predicted using FAPROTAX analysis (Figure 7) [42]. The results showed that chemoheterotrophy, ureolysis, and symbiont with other organisms were the most popular functions. Respiration of nitrate and nitrogen were relative higher in the C. demersum system. The application of biochar changed the function groups in each submerged plant system. In the C. demersum system, functions related to human pathogens, phototrophy, nitrification, photoautotrophy, and cyanobacteria were relatively higher in the H3 group. In the H. verticillata system, nitrification was higher in groups supplemented with biochar, especially in group H4. In the V. spiralis system, microbes related to nitrification were higher in groups H2 and H3. The differences in the predicted functions indicated the particularity of submerged plants. The relationships between plant and microbes in the sediment need further exploration. Moreover, the interspecies differences in the sediment microbial communities affected by various biochar dosages need further research [43].





4. Conclusions


In this study, biochar was obtained from reeds, and 12 ecosystems were constructed using C. demersum, V. spiralis, and H. verticillata. The results showed that appropriate biochar (10–20 mg/g) addition to sediment benefited the growth of submerged plants as well as improved the water quality of the ecosystems, while under a higher concentration of biochar (40 mg/g), the improvement effect of water quality was not significant. Based on our results, 20 mg/g of biochar coupled with C. demersum is suggested in aquatic ecosystem restoration projects. Considering that the effect of biochar on the constructed ecosystem is uncertain, a long-term experiment should be carried out to investigate the relationship between microbiota and submerged plants under the treatment of biochar.
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Figure 1. Schematic diagram of the experimental device. 
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Figure 2. Characteristics of biochar. (A–D), morphology of biochar observed by SEM; (E), particle size distribution of biochar; (F), Fourier infrared spectrum of biochar. 
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Figure 3. Effect of biochar on the biomass (A), chlorophyll (B) and DMA content (C) of different submerged plants. Different letters above the column indicate significant differences between groups (p < 0.05). 
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Figure 4. Purification effect of constructed ecosystem. (A–E), Physical and chemical properties of water in the C. demersum systems; (F–J), physical and chemical properties of water in the H. verticillata systems; (K–O), physical and chemical properties of water in the V. spiralis systems. 
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Figure 5. Composition of microbial communities in constructed submerged plant ecosystems. (A), at phylum level; (B), at genus level. 
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Figure 6. Structure of microbial community in sediments from different ecosystems. 






Figure 6. Structure of microbial community in sediments from different ecosystems.



[image: Water 16 01710 g006]







[image: Water 16 01710 g007] 





Figure 7. Predicted functions in constructed submerged plant ecosystems. 
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Table 1. Growth rate of submerge plants in different treatment groups [mg/(g·d)].
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	Dose of Biochar (mg/g)
	0
	10
	20
	40





	C. demersum
	0.048
	0.051
	0.057
	0.041



	V. spiralis
	0.060
	0.065
	0.068
	0.057



	H. verticillata
	0.043
	0.048
	0.051
	0.041
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