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Abstract

:

Aquatic animals play an important role in the energy flow and matter cycling in the wetland ecosystem. However, little is known about their effects on pollutant removal performance and microbial community in constructed wetlands. This work presents an initial attempt to investigate the effects of Misgurnus anguillicaudatus (loach) and Cipangopaludina cathayensis (snail) on nutrient removal performance and microbial community of constructed wetlands (CWs). Compared with a control group, CW microcosms with aquatic animals exhibited better pollutant removal performance. The removal efficiencies of total phosphorus (TP) in the loach group were 13.1% higher than in the control group, and snails increased the ammonium removal most effectively. Moreover, the concentration of total organic carbon (TOC) and TP in sediment significantly reduced with the addition of loaches and snails (p < 0.05), whereas the concentration of total nitrogen (TN) showed an obvious increase with the addition of loaches. High-throughput sequencing showed a microbial community structure change. Loaches and snails in wetlands changed the microbial diversity, especially in the Proteobacteria and denitrifying community. Results suggested that benthic aquatic animals might play an important role in CW ecosystems.
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1. Introduction


Wetlands are one of the most productive ecosystems, providing unique habitats for birds, plants, fish, and benthic animals. Constructed wetlands (CWs) are artificial wetlands designed to intercept wastewater and remove a wide range of pollutants before being discharged into natural water bodies. Most studies focused on the design of CWs with high pollutant removal efficiency by cultivating different kinds of plants (e.g., Typha orientalis, Phragmites australis), changing the operating methods of CWs (e.g., subsurface low and free water surface flow systems), and using different kinds of sediment media (e.g., sand, coal gangue) [1,2,3]. Furthermore, an increasing number of studies have explored benthic animal communities and factors influencing them in CWs [4,5]. Nevertheless, little is known about the effects of aquatic benthic animals on pollutant removal in CWs.



Benthic animals can directly absorb pollutions and transfer organic detritus from sedimentary storage into dissolved nutrients, which are removed by plants and algae absorption or microbial transformation [6]. Through their interaction, such as uptake of food from sediment, burrowing, and defecation, benthic species link energy flow and matter cycling in wetland ecosystems [7]. Furthermore, benthic species increase the sediment–water interface, which facilitates particle exchange between sediment and the water column. As a result, benthic animals can directly and indirectly stimulate pollution removal in sediment by influencing microbial population and activity [8]. However, research about the effects of aquatic benthic animals on microbial community structure and diversity in CWs is scarce.



Information about microbial community structure and diversity is important for understanding the relationship between environmental and ecosystem functions [9]. Microbial communities are also known as major drivers of wetland functions, supporting elemental cycling and biodegradation of pollutants [6,10]. An understanding of the bacterial community composition and structure in wetlands can increase the likelihood of successfully constructing a treatment wetland. The currently available high-throughput sequencing (using 16S rRNA genes) of environmental DNA allows for the rapid analysis of diversity and functionality of microbial communities [11].



As an initial attempt, the effects of loaches and snails on pollutant removal in both water and sediment are evaluated in this study. Microbial community and diversity are evaluated during the process, based on Illumina technology. This work will contribute to a better understanding of pollutant removal and microbial community variation and the involvement of benthic animals in CWs.




2. Materials and Methods


2.1. Benthic Animal Selection


Misgurnus anguillicaudatus (loach) and Cipangopaludina cathayensis (snail) are the most common and typical benthic species in wetland systems in China. Those two species can survive on high nutrient levels and low dissolved oxygen conditions [12] and are able to influence the water or sediment condition directly or indirectly [13].




2.2. CWs Microcosm Set-Up


Wetland microcosms were designed in a surface flow constructed wetland (SFCWs) and established under a transparent rain shelter. The experiments lasted from July to November. Twelve experimental wetland units consisting of polyethylene tubs were operated side by side. The treatment units were 65 cm deep and 50 cm in diameter with an outlet at the bottom, filled with washed river sand (particle size <2 mm, 25 kg) as the sediment to a depth of 25 cm. A total of 20 L of water was kept approximately 10 cm above the sand surface. The schematic of wetland microcosms is shown in Figure 1. Samples of Phragmites australis, which is common in China and efficient in wastewater treatment, were collected from the natural wetlands of Baiyun Lake in Zhangqiu, Shandong province. P. australis stalks approximately 1 m in height were carefully and gently washed with tap water to remove adhering soil and dead plant tissue, then cultivated with 10% Hoagland solution for two weeks. Well-grown plants with similar sizes were chosen and moved into the laboratory-scale CWs systems in May. The planting density of P. australis was 65 ± 2.3 plants/m2.
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Figure 1. Schematic of the wetland microcosms. 
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Loaches and snails were bought from the aquarium market. We chose ones with similar size and weight (7.5 ± 0.7 g for loaches and 5.3 ± 0.5 g for snails). All animals were kept in tap water for one week before being put into the CWs systems. Then, animals were put into CWs systems for 30 days to adapt the environment. During this period, dead or unhealthy animals would be excluded. During the whole experimental period of nearly 4 months, CWs were well operated and both plants and animals in CWs were flourishing and healthy.



To minimize experimental variability, a simulation of polluted river water based on Grade II treatment standard of municipal sewage treatment plants in China was used in the experiment. The simulated polluted river water was composed of glucose, (NH4)2SO4, KH2PO4, and KNO3. The primary pollutants of the simulated polluted river water were organic matter, ammonia nitrogen, and phosphorus. The concentration of chemical oxygen demand (COD), ammonium (NH4-N), total nitrogen (TN), total phosphorus (TP), and other water parameters are shown in Table 1. Sequencing batch-fed mode was applied in the study. Each wetland unit was drained through the effluent valve of each unit after a cycle. These units were immediately re-filled manually with the simulated polluted river water. Each unit was operated at hydraulic retention time (HRT) of 7 d, with theoretical hydraulic loading rate of 0.015 m3/m2d.
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Table 1. Characteristics of influents from the wetland microcosm units (n = 30).
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Parameter

	
Mean Concentration

	
Standard Deviation






	
COD (mg/L)

	
61.21

	
3.24




	
TN (mg/L)

	
21.53

	
1.12




	
NH4-N (mg/L)

	
7.94

	
0.32




	
TP (mg/L)

	
1.22

	
0.14




	
DO (mg/L)

	
7.15

	
1.35




	
pH

	
7.56

	
0.31










2.3. Experimental Design and Sampling


The experiment was divided into four groups; each group had three parallel samples. Every group had a P. australis wetland unit with different benthic animals, as described in Table 2.
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Table 2. Benthic animal addition in different groups.
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Group

	
Benthic Animals

	
Density (g/m2)






	
Control

	
-

	
-




	
Snail

	
M. anguillicaudatus

	
149.43 ± 3.34




	
Loach

	
C. cathayensis

	
150.62 ± 5.42




	
Mixture

	
M. anguillicaudatus

	
75.21 ± 2.31




	
C. cathayensis

	
76.13 ± 3.53








Note: - no animals added.







Effluents at SFCWs were sampled to evaluate the transformations of organics, nitrogen, and phosphorus. Water samples were collected from 8:00 a.m. to 10:00 a.m., using a syringe tube at 5 cm depth below the water surface of each unit every 2 d. Each group comprised three parallel samples. Laboratory analysis was performed on the water samples for COD, NH4-N, nitrate (NO3-N), nitrite (NO2-N), TN, and TP. All the parameters mentioned above were determined based on standard methods [14]. COD was measured by a HACH DR 2800TM Spectrophotometer, USA.



To evaluate TN, TP, and total organic carbon (TOC) storage in the sediment media during the experiment, for each barrel, sediments were collected at five individual locations (four corners and the center of the microcosms) in each parallel and then mixed into a composite sample. Sediment samples from the three parallel samples were subsequently combined with a composite sample before DNA extraction and then air-dried and ground before the TN, TP, and TOC measurement [15,16]. Analyses in media samples were conducted with a 3-AA3 Auto Analyzer (Bran-Luebbe, Hamburg, Germany).




2.4. DNA Extraction and Pyrosequencing


DNA was extracted using the Power Soil DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA), following the manufacturer protocols. The DNA concentrations were determined using a Nanodrops ND-1000 UV-vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). 16S rDNA gene amplification was generated using the universal bacterial primers 11f and 1428r. The Miseq pyrosequencing was performed at the Major Biocompany (Shanghai, China).



Sequences that were shorter than 250 bp in length and of a lower quality score than 30 were removed from the pyrosequencing-derived data sets. Clustering of the sequencing into operational taxonomic units (OTUs) was performed upon UCLUST software at 97% sequence identity [17]. Rarefaction analysis, Simpson diversity, Chao1 richness estimations, and Good’s coverage were calculated by Mothur analysis (http://www.mothur.org) at 3% distance level.




2.5. Statistical Analysis


All statistical analyses were performed with the statistical program SPSS 17.0 (SPSS Inc., Chicago, IL, USA), including analysis of variance (ANOVA). In all tests, differences were considered statistically significant when p < 0.05.





3. Results and Discussion


3.1. Pollutant Removal in Water


The variation of pollutants removal efficiency is shown in Figure 2. The removal efficiencies of TP and NH4-N were relatively high compared to those of COD and TN. COD and TN removal efficiency in all samples represented similar trends, with gradual decrease (Figure 2a,c). In general, TN removal increased early and then gradually decreased over time from the beginning to the end, with the maximum removal efficiency (80%) occurring in July. No significant difference between COD and TN removal efficency among treated and control samples (p > 0.05) was observed.



NH4-N removal efficiencies of treated units indicated obvious differences from the control group (p < 0.05), highest at 86.85% in snail groups, followed by loach and mixture groups, and lowest at 70.09% in control samples. In the entire experimental time, the removal efficiency in the snail group showed significant difference from the control group (p < 0.05). In traditional aquaculture, aquaculture wastewater always has high concentrations of ammonia [18,19] because of high stocking density and ammonia excretion of aquatic animals. In the present research, the density of animals was lower than that in aquaculture, and the addition of animals into constructed wetland did not increase the concentions of ammonia. The density of animals is one of the important influences on water quality. In the wetland microcosms of the present study, the fauna population only slightly increased in the entire experimental time because of the limited food supplement. Removal efficiency of NH4-N and TN indicated certain differences, whereas TN removal indicated no obvious difference from other groups. This result indicated a possibility of differences in NO3-N or NO2-N removal.
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Figure 2. Removal efficiency of COD (a); NH4-N (b); TN (c); TP (d). 
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Loach units showed highest removal performance of TP. The average TP removal efficiency ranged from 76.32% to 86.42%, which was much higher than the lowest level of 62% in the control unit (p < 0.05). The removal performance of TP in the loach group was also higher than that in the snail group. However, in July and August the difference was not significant (p > 0.05). Phosphorus was removed in CWs through substrate adsorption, chemical precipitation, bacterial action, plant and algal uptake, and incorporation into organic matter. Benthic animals in CWs may increase P uptake owing to their ingestion, bacterial action, and plant and algal uptake. Sediment adsorption also plays an important role [20].



The nutrient removal of all units in summer was higher than that in the winter. Consistent with other reports [21,22], we think temperature was one of the most important effects on the removal of nutrients. Temperatured in summer are much higher than in winter, and in general, high temperature usually increase the activity of the microorganisms, oxygen availability, and plant uptake.



The difference between NH4-N and TN removal in each group showed certain differences in NO3-N or NO2-N removal. Thus, to further understand the effects of benthic animals on N removal, concentrations of NO3-N and NO2-N in effluent were analyzed (Figure 3). Different wetland animals play different roles in NO3-N and NO2-N concentration. The concentration of NO2-N was highest in the snail group, followed by the mixture group and the control group. The loach group had the highest concentration of NO3-N and the lowest concentration in NO3-N among the four goups. During the study period, the average NO3-N concentrations in the loach group were reduced from 3.21 ± 1.04 mg/L to a minimum of 2.64 ± 0.81 mg/L. The average NO2-N concentrations in the loach group were reduced from 0.27 ± 0.07 mg/L to a minimum of 0.18 ± 0.03 mg/L. Blair et al. [23] found that the addition of earthworms increased the NO3-N concentration in agroecosystems over a two-year period, corroborating the results of the present study.
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Figure 3. NO3-N (a) and NO2-N (b) concentrations of effluent. 
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3.2. Nutrient Changes in the Sediment


Notably, bioturbation can significantly change sediment characteristics. Results of nutrient changes in the sediment are shown in Figure 4.
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Figure 4. Nutrient and organic matter content of the sediment (average ± standard error) in the treatment and the control at the end of the experiment. 
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Our results showed that the four units have similar TP concentration. The average TP concentrations in all units throughout the experimental period ranged from 0.11 ± 0.09 mg/g to 0.16 ± 0.05 mg/g. The concentration of TP in sediment in treated groups was not significantly different from the control group (p > 0.05), but the removal efficiency of TP in water (Figure 2d) in the loach group was much higher than in the control group (p < 0.05). Therefore, the addition of loach in CWs may increase the removal efficiency of TP in water, which could contribute to higher P uptake owing to bacterial action and plant and algal uptake.



The concentration of TN in the loach group was much higher than in the three other groups, up to 0.149 mg/g (p < 0.05), followed by the mixture group, the control group, and the snail group. The high concentration of TN in the loach group may have been caused by the excretion of the loaches and the significant high concentration of NO3-N in the water, which may cause adsorption in sediment.



The TOC concentration in the control group was much lower than in the other three groups (p < 0.05). The concentration of TOC was 0.71 ± 0.02, 0.48 ± 0.03, 0.42 ± 0.02, and 0.45 ± 0.01 mg/g in the control, snail, loach, and mixed animal units, respectively. TOC plays an important role in many biogeochemical processes in wetland systems. TOC can strongly affect the transport of contaminants from soils to surface water because of its complexation capacity [24]. The decrease of TOC in the experimental group may have been caused by the ingestion of benthic animals; different animals possess different ingestion abilities. The presence of benthic animals in CWs decreases the concentration of TOC in sediment, which could also decrease the release of organic carbon from sediments at the same time.




3.3. Microbial Communities


The key processes for nutrient removal in CWs include microbial conversion, decom position, plant uptake, sedimentation, and adsorption-fixation reactions [25]. Microbe activity is the main factor influencing the ammonia removal. Thus, more research must be conducted about the microorganism.



A total of 146,859 reads were obtained from the four samples through pyrosequencing analysis. The average read length is 401–418 base pairs (bp). Each library contained 32,378–40,422 reads. The good coverage index revealed that 93.60%–95.02% of the animals were obtained, with OTUs ranging from 3501 to 5191 (Table 3).



Chao1 and ACE were employed as community richness estimators at 3% dissimilarity. The Chao1 richness estimator showed that the richness ranged from 6852.16 to 9955.64. Compared with the control group, a decreasing trend was observed in the loach group. The mixture and snail groups, however, showed crosscurrent tendency. Therefore, the benthic species in the present study changed the community richness of this CWs. CWs with snails had the highest amount of bacteria among the four groups, which probably occurred because of the ingestion and movement of the snails [26].
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Table 3. Comparison of phylotype coverage, diversity, and richness estimators at a phylogenetic distance of 3%.
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Group

	
Cutoff

	
OTUs

	
ACE

	
Chao 1

	
Shannon

	
Simpson (×10−3)

	
Coverage (%)






	
control

	
0.03

	
4,216

	
9,417.33

	
7,367.66

	
6.03

	
41.62

	
94.73




	
Snail

	
0.03

	
5,191

	
13,097.03

	
9,955.64

	
6.43

	
18.50

	
93.43




	
Loach

	
0.03

	
3,501

	
9,009.30

	
6,852.16

	
5.66

	
31.29

	
95.03




	
mixture

	
0.03

	
4,233

	
10,029.95

	
7,917.18

	
6.85

	
3.645

	
93.62









The community diversity was analyzed by calculating the Shannon and Simpson diversity index. For the four groups, an order of mixture > snail > control > loach was obtained in terms of community diversity. Based on these results, the snails had positive effects on the bacterial community. The loach group had less density of microbes, as it ingests microbes from sediment as food.



Figure 5 shows the relative abundance of the bacterial phylogenic groups for each wetland unit. Proteobacteria represented the majority of the community composition of all sediments. Nevertheless, the relative abundance of this phylum was particularly high in the environments of the CWs, ranging from 30% to 42% in four groups. The Proteobacteria phylum includes a very high level of bacterial metabolic diversity related to global carbon, nitrogen, and sulfur cycling [27]. The wide distribution of this phylum in nature [28,29] and in CWs [30,31] has been documented.
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Figure 5. Abundances of the bacterial phylogenic groups. 
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Within the phylum Deltaproteobacteria, particularly the Syntrophorhabdus, Desulfonema, Smithellagenera, and Gammaproteobacteria, mainly Pseudomonas were enriched in the soil environments of the CWs (Figure 6). Bacteria belonging to the phylum Verrucomicrobia are nearly ubiquitous in soil [32]. The evidence available indicates that members of this phylum are globally distributed, abundant, and active groups of soil bacteria [33]. Apparently, the activities of loach lead to the increase of Proteobacteria phylum. The cyanobacteria in snail and loach groups had a significant decrease compared with the three other groups. The snails thrived and had much larger numbers than did the other groups. Snails ingested the cyanobacteria as food.



As known, the process of nitrate reduction is dependent on the denitrifier communities. Bacillus, Micrococcus, and Pseudomona are the main denitrifier communities in wetland sediment [34]. The consortiums of these three microbes were found to be efficient in nitrate reduction. Figure 7 shows the relative abundance of the denitrifier communities. Bacillus, Micrococcus, and Pseudomona in the loach group were lower than those in the three other groups. Bacillus in the control group was much higher than in the three other groups. The snail group had the most Micrococcus species, and Pseudomona was the highest in the mixture group.
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Figure 6. Relative bundances of the Proteobacteria groups. 
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Figure 7. Relative abundances of the denitrifier communities. 
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Figure 2 shows that the loach group has high NO3-N and low NO2-N content, and has significant difference from the three other groups (p < 0.05). Investigation of the aerobic metabolism of Bacillus, Micrococcus, and Pseudomona revealed many interesting features of assimilatory nitrate reduction to ammonia. Bacillus species could carry out anaerobic dissimilatory reduction of nitrate to ammonia via nitrite [35]. Pseudomonas in the wetland system attained assimilatory denitrification [36]. The genera of Bacillus, Micrococcus, and Pseudomonas were found to be nitrate reducers. Among the three, Pseudomonas and Bacillus were found to be the most efficient in terms of nitrate reduction [37]. These two kinds of genera were just numerically superior. When the denitrifier communities were low, nitrate was reduced, and the concentration of NO3-N was high.





4. Conclusions


Benthic animals in wetland systems can improve the removal efficiencies of TP, TN, and NH4-N in effluent. Loach units showed the highest removal performance of TP and reduction of the concentration of TOC and TP in sediment. The loach activities led to the increase of the Proteobacteria phylum. The mixture group increased the community diversity of microorganisms. The presence of benthic animals in CWs changed the microbial structure and increased the biodiversity of the microcosms. The results suggest that benthic aquatic animals can reduce the concentration of pollutants and improve the quality of CWs ecosystems. The high diversity of the communities sampled in the natural ecosystem could be due to a higher number of ecosystem functions.
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