

  water-15-02291




water-15-02291







Water 2023, 15(12), 2291; doi:10.3390/w15122291




Article



Sediment Fungal Communities of Constructed Wetlands Dominated by Zizania latifolia and Phragmites communis and Their Effect on Organic Pollutant Removal



Yiting He 1, Zhongliang Huang 2, Hui Li 2, Jing Huang 2, Xiaoli Qin 2 and Zijian Wu 2,*





1



College of Life Science and Technology, Central South University of Forestry and Technology, 498 South Shaoshan Road, Changsha 410004, China






2



State Key Laboratory of Utilization of Woody Oil Resource, Hunan Academy of Forestry, 658 South Shaoshan Road, Changsha 410004, China









*



Correspondence: 18684927135@163.com; Tel.: +86-158-0263-3903







Academic Editor: Brian Kronvang



Received: 10 May 2023 / Revised: 6 June 2023 / Accepted: 16 June 2023 / Published: 19 June 2023



Abstract

:

The purpose of the study was to investigate the relationship between wetland plants and fungal communities with a focus on their combined functions to remove organic pollutants. Two constructed wetland (CW) systems, covering a total area of 4.24 hm2, were established to treat the agricultural non-point source pollution using, respectively, Zizania latifolia (CW1) and Phragmites communis (CW2) as the dominant plant species. The obtained results showed that CW1 performed much better than CW2 in terms of promoting the abundance and diversity of the sediment fungal community identified by high-throughput sequencing technology. The enhanced fungal activity was shown to be one of the main factors that raised the pollutant removal rates and reduced the contents of the target pollutants (COD, TN, TP and NH4+-N) to levels below the stipulated national standards. Significant differences in abundant fungi were observed between the CW units and their inlet and outlet sampling sites, indicating that the plant species and pollutant concentrations were the key factors affecting the diversity and activity of the sediment fungal community. The findings of the study provided not only a better understanding of the plant–fungi symbiotic system but also useful information for the development of CW technology.
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1. Introduction


As an economical and ecological water treatment technology, constructed wetland (CW) has been widely used in organic pollutant removal [1,2]. Effective removal of organic pollutants can be achieved by a number of biotic and abiotic processes in CW including plant uptake [3,4,5], microbial degradation [6,7,8], substrate adsorption, filtration and precipitation [9,10,11]. As plants and microbes are indispensable components of CW and play key roles in strengthening its water purification functions [12,13,14,15], a deeper understanding of the relationship between wetland plant species and sediment microbial community and their combined effect on water purification efficiency should be of high value for optimizing both the design and performance of CW.



Microbial composition and diversity are known to be affected by plant diversity in various ecosystems [16]. The relationship between plants and microorganisms has been extensively studied in terrestrial ecosystems. The effect of plant diversity on microbial diversity, however, was found to be either positive [17,18], negative [19] or neutral [20] due to variation not only in the physical environment but also in the physiological characteristics of plant species. There is a lack of sufficient data on the relationship between wetland plants and microbial diversity [16] and, in particular, the information concerning the fungal community in CW is less available.



According to Chen et al. [21], plants may set the environmental context for the occurrence of microbial interactions. Increasing plant richness can lead to an increase in fungal richness due to an increased resource pool and niche diversity available to fungi [22]. Other studies, however, have shown no clear relationship between plant richness and fungal richness, suggesting that specific plant characteristics may be a key factor affecting fungal diversity [23,24,25]. Relevant reports have shown that a given plant species only favors the growth of a specific microbial community; thus, an increase in plant diversity will help to harbor different groups of microorganisms which respond differently to factors such as nutrient availability and pollutant loads, and, consequently, enhance the microbial-based wastewater treatment capacity [26,27].



A number of studies have been carried out with a focus only on the removal of organic pollutants either by plants or by microorganisms. The interactions between wetland plant species and microbial communities remain unclear. There is thus a high need for conducting studies to analyze the plant–microorganism-based mechanisms in CW treatment systems. High-throughput sequencing technology has been applied by Zhang et al. [28] to demonstrate the possibility that the bacterial genera can act as early warning indicators in clogging constructed wetlands. It should also be of value to determine the function of fungal communities and to see if a specific fungal group can be used as an indicator to reflect the level and characteristics of organic pollution in CW.



The global surface areas of wetlands and wetland plant species are in steep decline. The establishment of constructed wetlands aimed at removing organic pollution can greatly contribute to the enhancement of threatened wetland ecosystems and the associated biodiversity [1,2]. The perennial plants, Zizania latifolia and Phragmites communis, are the species commonly used in CW because of their high growth and reproduction rates and, thus, relatively high water purification abilities [29,30]. The main objective of the present study was to investigate the interrelation between wetland plants and microorganisms and related mechanisms to remove organic pollutants. Two CW systems were established to treat the agricultural non-point source pollution using, respectively, Zizania latifolia and Phragmites communis as the dominant plant species. The findings of the study will be expected to provide not only a better understanding of the relationship between wetland plants and microbial communities but also useful information for the development of water treatment systems using constructed wetland technology.




2. Methods and Materials


2.1. Experimental Site and Treatment System


The experimental site was located at the area of Ningxiang Farmland Reclamation Demonstration Project (111°53′–112°46′ E, 27°55′–28°29′ N) initiated in 2018 for control of agricultural non-point source pollution in the Xiang River Basin. Before the implementation of the project, the contents of COD (chemical oxygen demand), TN (total nitrogen) and TP (total phosphorus) in the water bodies of the area far exceeded the stipulated national surface water quality standards Class III (GB3838-2002) [31].



The treatment system consisted of two constructed wetland units established by transplanting, respectively, Zizania latifolia (CW1) and Phragmites communis (CW2) as the dominant plant species. Other selected crop species were also cultivated in the two CW units with the purpose to increase their plant diversity and land use value. For the reduction of the construction cost, no specific filler absorbents had been used in CW1 and CW2.



The area sizes, plant species and relevant parameters of CW1 and CW2 are listed in Table 1. The annual average hydraulic loading rate (HLR) and pollutant loading rate (PLR) of CW1 were slightly lower than those of CW2 and the annual average hydraulic residence time (HRT) of CW1 was, thus, slightly longer than that of CW2. The average water depth and the water flow velocity were about 0.3 m and 0.02 m/s, respectively, in both units. The treatment systems had been running stably for more than three years, within which a number of other aquatic plant species were naturally germinated and grown in the CW units (Table 1). The seasonal average temperature, water and pollutant fluxes, HRT, etc., are presented in Table S1.




2.2. Water Quality Analysis


By taking into consideration the hydrological and meteorological conditions [32], the representative water samples were collected from fixed sites of the two CW systems each month in 2020 and the effect of seasonal changes was compared using the data obtained for winter (December–February), spring (March–May), summer (June–August), and autumn (September–November). The contents of COD, TN and TP were determined by spectrophotometric measurement (UV1800, Shanghai, China) following the procedure described in the detection standard (APHA, 2005). The content of NH4+-N (ammonia nitrogen) was measured by the multi-parameter water quality monitoring platform (YSI EXO, Yellow Springs, OH, USA). The detailed information concerning the methods applied for water quality analysis refers to Xiao et al. [33].



The removal rates (R%) of all examined pollutants presented in percentage are calculated by


R% = 100(Cin − Cout)/Cin



(1)




where Cin denotes the pollutant content at the inlet and Cout stands for that at the outlet.




2.3. Plant Community Analysis


Seasonal plant surveys were conducted in the two CW systems in January, April, July and October 2020. The standard sampling plots were set by taking into consideration the plant growth conditions. The quadrants of sampling plots for herbs, shrubs and aquatic plants were 1 m × 1 m, 4 m × 4 m and 0.5 m × 0.5 m, respectively. A total of 57 fixed quadrant sampling plots were selected, of which 23 plots were located in CW1 and 34 in CW2. The location of plant distribution was marked by GPS positioning. The basic information regarding the plant species, individual number, height, abundance, coverage and canopy density in each plot was recorded. The indexes applied for describing the plant community status were calculated by


M = (S − 1)/lnN



(2)






D = 1 − ∑Pi2    Pi = ni/N



(3)






H = −∑Pi lnPi



(4)






E = H/lnS



(5)




where M, D, H and E stand for the Margalef richness index, Simpson diversity index, Shannon–Weiner diversity index and Pielou evenness index, respectively, S denotes the total number of species, N denotes the total individual number of plants and ni represents the individual number of species i.




2.4. Microbial Community Analysis


Sediment samples were collected from the two CW systems at six fixed sites (40 cm below the water surface) of their inlet and outlet, respectively, in the high microbial activity period of summer. At each sampling site, about 500 g of surface sediments were collected in triplicates. After removing the visible plant and animal debris, the sediment samples were sent to the laboratory within two hours and then stored at −80 °C before analysis.



The present study was focused on the analysis of fungal communities. The high-throughput sequencing technology was applied to identify the fungal phyla, classes and genera of the sediment samples collected from the inlet and outlet of the two CW units.



In accordance with the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, USA), the total DNA of the microbial community was extracted, and the quality of DNA extraction was detected by 1% agarose gel electrophoresis. The concentration and purity of DNA were measured by NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) for ITS gene in the ITS1 region were used for PCR amplification. The PCR products from the same sample were recovered using a 2% agarose gel after mixing. The recovered products were further purified by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The 2% agarose gel Electrolysis Fluorometer and Quantus™ Fluorometer (Promega, Madison, WI, USA) were applied for the determination of the quantity of the recovered product. NEXTFLEX Rapid DNA-Seq Kit was used to build the library. The sequencing analysis was performed on Illumina’s Miseq PE300 platform.



The Fastp software and Flash software were used, respectively, for quality control of the original sequence and stitching. Cluster analysis was performed for the OTU sequences using the Uparse software (v. 7.0.1090) by setting a 97% similarity threshold to eliminate the chimeras. Based on the UNITE database of fungi (Release 8.0 http://unite.ut.ee/index.php, 28 February 2023), the OTU representative sequences were classified by the RDP classifier. The confidence threshold was set as 0.7 to obtain the species taxonomic annotation results.




2.5. Statistical Analysis


All statistical analyses were performed using the statistical program Statistical Product and Service Solutions (SPSS 20.0) software (SPSS Inc., Chicago, IL, USA). The histogram of the removal rate of organic pollutants was realized by Excel 2019 (Microsoft Office, Redmond, WA, USA). The Spearman’s correlation (p < 0.05) was applied in network analysis to visualize the correlation between the plant diversity index and the water physicochemical parameters.



Based on the same pool of OTUs, fugal community structure and composition at the phylum, genus and OTU levels were calculated by SPSS 20.0 and R vegan package (version 3.3.1). Alpha diversity analyses were calculated using Mothur (v.1.30.1) estimators including Chao, Shannon–Weiner and Coverage based on OTU threshold of ≥97% sequence similarity. A Venn diagram with common and unique OTUs was used to describe the similarities and differences of the sediment samples at different sites. Results from the principal component analysis (PCA) and redundancy analysis (RDA) were obtained by R vegan package (v.4.2.1).





3. Results and Discussions


3.1. Pollutant Removal Rates


The determined annual average water quality indexes of the established treatment systems (CW1 and CW2) were presented in Table 2. The changes in the removal rates of the examined pollutants with respect to seasonal changes were illustrated in Figure 1. The water quality data for each month were given in Table S2.



The obtained results showed that both CW1 and CW2 had satisfactory treatment efficiencies and their effects on pollutant reduction were significant. On average, all the examined water quality indexes at the outlets met the stipulated national surface water quality standards Class III (Table 2).



The annual average removal rates of the pollutants were found to be consistently higher in CW1 than in CW2. The observed annual difference between these two units should be partly accounted for by their differences in hydraulic load, pollutant load and water retention time. Both the hydraulic and pollutant loads were lower while the hydraulic residence time was longer in CW1 than in CW2 (Table 1), a higher treatment efficiency found for CW1 should thus be an expected result. In addition, as to be discussed later, the transplanted plant species associated with the microbial groups developed in their root areas also made contributions to the observed differences between CW1 and CW2.



The highest seasonal average removal rates were obtained for all examined pollutants in the summer period in CW1 and the general trend was that all R% values in both CW1 and CW2 were significantly higher in spring, summer and autumn than in winter (Figure 1). The R% values of COD (Figure 1a), TN (Figure 1b) and TP (Figure 1c) in winter in both units were extremely low, while that of NH4+-N (Figure 1d) in CW2 even went down to below 10%. Similar to that shown in Table 1, the CW1 system had significantly higher pollutant removal rates than the CW2 system in all seasons with NH4+-N in spring as an exception.



As the activities of bio-species were low in the cold season, the lowest R% values observed in winter due to the decrease in biological activities at low temperatures was an indication that the plants and microbes were the main factors that had determined the pollutant removal rates in the established CW units without using high adsorption capacity fillers. The observed seasonal pollutant reduction trends confirmed the important functions of wetland plants and microorganisms reported by previous works [34]. Since bio-species responded differently to seasonal changes, the observed seasonal differences thus reflected the differences in the effect of bio-species on pollutant removal rates between not only the seasons but also the established CW systems transplanted with different plant species.



Previous studies showed that wetland plants played an important role in reducing COD, either through root filtration [35] or by providing surface sites and oxygen for the attached microorganisms [36]. In principle, the reduction of COD should be mainly attributed to the decomposition of organic pollutants by the microbial species in the rhizosphere. This would imply that the microbial groups developed in CW1 had a stronger effect on the removal of COD than those developed in CW2.



Both nitrogen and phosphorus are essential elements required by plants and microorganisms to support their growth. Apart from the direct contribution to the removal of TN and TP by plant uptake, the decomposition of plant litters and the secretion of root exudates can provide available carbon and energy sources for the microbes in the root area, consequently enhancing the reactions of nitrification, denitrification and phosphorylation, and eventually promoting the removal of the two nutrient elements.



The pathways of NH4+-N removal in constructed wetlands can be plant uptake, substrate adsorption, nitrification and denitrification [37]. Though the transformation of nitrogen can be affected by various other factors [38,39,40,41], the removal rate of NH4+-N should be positively related to the activities of plants and microorganisms. Compared with that of TN, the content of NH4+-N was relatively low and its annual average values found in the inlets of both CW1 and CW2 were lower than the stipulated standard (Table 2). The removal rate of NH4+-N could, thus, be more sensitive to seasonal changes.



Another reason for the lowest R% values found for NH4+-N, as well as for COD, TN and TP in winter, could be accounted for by the difficulties to obtain an in-time and clean harvest in the constructed wetlands. Various studies showed that an additional COD input from decaying biomass litter associated with the release of the nutrients from the dead plant residues could lead to an increase in pollutant concentrations in the system and, thus, result in an adverse effect on pollutant removal [42,43].




3.2. Effect of Plant Community on Removal Rate


The coefficients of the correlation between seasonal plant community indexes and pollutant removal rates were given in Table 3. The plant community indexes observed for each season were presented in Table S3. The determined M (Margalef richness), D (Simpson diversity), H (Shannon–Weiner diversity) and E (Pielou evenness) were found to be positively correlated with the removal rates of all examined pollutants at high levels of significance in both CW1 and CW2. The data shown in Table 3 were in agreement with a previous study [44].



From the mathematical expressions (Equations (2)–(5)), it can be noted that both the Simpson diversity and Shannon–Weiner diversity indexes are functions of Margalef richness and Pielou evenness. The observed high levels of positive correlations between the interrelated plant community indexes and the pollutant removal rates thus confirmed the important roles of the plant communities in maintaining the treatment effects of the two CW units.



From the data listed in Table 3, it is difficult to draw a conclusion concerning the behaviors of the transplanted plant species as no consistent trend was found in the correlation coefficients obtained for CW1 and CW2. One of the logical reasons for the observed inconsistency is that the applied indexes are parameters at macro-ecology scales and they do not offer any concrete information on the physiological characteristics of either a plant species or a plant community. It is worth mentioning that the essential role of a wetland plant species with respect to organic pollutant removal is its function in maintaining microbial activity. It is thus important to compare the functional groups of the sediment microbes and to determine the difference in their involvement in and contribution to pollutant removal between the two CW systems.




3.3. Variation in Fungal Abundance and Diversity


The total number of OTU of the fungal communities identified for the sediment samples at the 3% dissimilarity level by the high-throughput sequencing technology was significantly greater in CW1 than in CW2 (Table 4). In contrast, the OTU number at the inlet was greater, while that at the outlet was smaller in CW1 than in CW2, respectively. The same trends were also found for the Chao and Shannon–Weiner indexes. Like the number of OTU, the values of the two indexes were significantly higher at the inlets of two CW units than at their outlets. In a similar way, the values of the two indexes were higher at the inlet but lower at the outlet of CW1 than, respectively, those of CW2. The values calculated for the Good’s coverage listed in Table 4 reached more than 99% for all substrate samples, suggesting that the high-quality sequences presented for each sample could effectively cover the fungal community [29].



The richness and abundance of a fungal community could be reasonably taken as an index to reflect the function of the fungal community with respect to the removal of the target pollutants simply because its growth was essentially associated with or supported by the decomposition of the organic compounds and assimilation of the released nutrients [45]. The greater number of OTU found in CW1 than in CW2 was, thus, an indication that the plant community with Zizania latifolia as the dominant species in CW1 had performed much better than that with Phragmites communis as the dominant species in CW2 in terms of promoting the richness, abundance and diversity of the sediment fungal community.



There should be no doubt that the enhanced fungal activity was one of the main factors that had raised the level of the treatment efficiency and reduced the target pollutant concentrations to the levels below the stipulated standards Class III. The improved water quality would in turn lead to a decrease in the nutrient availability for both plants and microbes, thus resulting in a decline not only in the growth of the plants as was observed in the areas close to the outlets of the CW units but also the richness, abundance and diversity of the fungal communities at their outlets, as was shown in Table 4. Since the pollutant concentrations were lower at the outlet of CW1 than at that of CW2 (Table 2), the observed lower values of the OTU number, Chao index and Shannon–Weiner index at the outlet of CW1 than that of CW2 could be interpreted as an effect of the improved water quality. The availability of nutrient sources should be a basic factor affecting the activity of microbes. Thus, in consistent with the findings of previous studies [46,47], the obtained data showed that the plant community and pollutant concentration were two of the key factors affecting the status of the fungal community in the established CW systems.



The composition percentage of the identified fungal phyla was shown in Figure 2a. The top dominant phyla of the common OTUs found in both CW units were Ascomycota (42.82%), (25.12%) and Rozellomycota (18.70%), and the sum of their percentages amounted to more than 85% of the total OTU number.



In order to determine the difference in OTU distribution for the collected wetland sediment samples, a Venn diagram was constructed to compare both the similarities and differences among the observed fungal communities (Figure 2b). The number of OTU uniquely identified in the samples from CW1 was 1221 (26.6%) and 269 (5.86%), while that from CW2 were 949 (20.67%) and 595 (12.96%), respectively. There were also common OTUs distributed at the inlets and outlets of the two CW units. The level of similarity between CW1 and CW2 was high while the difference between them was also significant, which confirmed the existence of a close connection between the plant and fungal community in the CW systems possessing different plant species.



Principal component analysis (PCA) was further performed to compare the difference in fungal composition for samples collected at different sites. As shown in Figure 2c, most of the PCA values of the samples collected from CW1 were not located in the same circle area as those from CW2, indicating the presence of significant differences in fungal composition between the two CW systems. The PCA points were closer to each other in CW1 than those in CW2, suggesting that the level of similarity in fungal composition was higher in CW1 than that in CW2. An interesting phenomenon was also noted that, in contrast to those large distances observed at the inlet sites between CW1 and CW2, the PCA points found at the outlet sites of CW1 were very close to those of CW2. The difference in transplanted plant species was apparently the main factor that caused the difference in fungal composition and distribution between CW1 and CW2. In addition, since the effluent pollutant concentrations had been reduced to below the stipulated standards, the nutrient availability could thus become a limiting factor responsible for the reduced difference in fungal composition at the outlet sites between the two CW units.



The relative abundances of fungal phyla and classes in the substrate samples were shown in Figure 3. The Phyla and classes in the figure were distinguished by different colors, and their abundances were indicated by the length of the colored columns.



Eight fungal phyla were identified in both of the CW units, among which, unclassified_k_Fungi, Rozellomycota and Ascomycota, listed in the descending order of relative abundance, were the dominant phyla in CW1, while Ascomycota, unclassified_k_Fungi, Basidiomycota and Mortierellomycota were the dominant phyla in CW2 (Figure 3a). The sum of the relative abundance of the listed dominant phyla reached, respectively, 95.15% and 94.06% of the total value in CW1 and CW2. Due to a lack of annotation information, a number of unannotated fungal species were denoted as unclassified fungi.



The dominant phyla found in the established CW units are the common ones distributed in various kinds of wetlands [28,48,49,50]. It has been generally observed that the dominant fungal phyla in wetlands can change not only at localities but also with the types of vegetation. The noted difference in the dominant fungal phyla and their abundances thus reflected the difference in the effect of the plant communities between CW1 and CW2 established at the same site.



Significant differences were further noted in the abundance order of the dominant phyla between the inlet and outlet of the two CW units. The second abundant phylum Rozellomycota observed at the inlet of CW1 became the most abundant phylum at the unit’s outlet, followed in descending order by unclassified_k_Fungi and Ascomycota. The phylum Mortierellomycota, which had the lowest abundance level among the above-listed four dominant phyla at the inlet of CW2 changed to be the second abundant phylum at the unit’s outlet. The order of the abundance level at the outlet of CW2 then changed to Ascomycota, Mortierellomycota, Basidiomycota and unclassified_k_Fungi (Figure 3a).



The same trends were also observed at the class levels regarding the difference in the relative abundances of the classes between the CW units and their inlets and outlets (Figure 3b). The top seven dominant fungal classes found at the inlet of CW1 are unclassified_k_Fungi, unclassified_p_Rozellomycota, Rozellomycotina_cls_Incerta_cedis, Sordariomycetes, Dothideomycetes, Leotiomycetes and Mortierellomycete, of which the first class belongs to the phylum unclassified_k_Fungi, the next five classes belong to the phylum Rozellomycota and Ascomycota, and the last one belongs to the phylum Mortierellomycota. The top seven dominant fungal classes found at the inlet of CW2 are Sordariomycetes, unclassified_k_Fungi, Leotiomycetes, Dothideomycetes, Eurotiomycetes, Mortierellomycete and Agaricomycetes, of which the last one belongs to the phylum Basidiomycota. The same dominant fungal classes were also observed, respectively, at the outlets of the two CW units, but the order of their relative abundance at the outlet was obviously different from that at their inlets (Figure 3b). The relative abundance of unclassified_p_Rozellomycota, for example, was much higher, while that of unclassified _k _Fungi was much lower at the outlet of CW1 than, respectively, their values at the unit’s inlet. The same was true for Sordariomycetes and unclassified_k_Fungi in CW2. The relative abundance of Sordariomycetes increased while that of unclassified_k_Fungi decreased at the outlet of CW2 when compared to, respectively, their inlet values.



The profile of the relative abundance of the identified fungal genera was further depicted in Figure 4 using a hierarchically clustered heat map. The top 35 genera possessing a total abundance at the taxonomic level were selected to construct the hot spot map.



The same as those observed at phylum and class levels, significant differences in the relative abundance of genera were clearly noted between the two established CW units. Among the 35 genera shown in Figure 4, the genera possessing a relative abundance higher than 2 × 10−2 (the color gradient indicating the levels of relative abundance in Figure 4) observed at the inlet of CW1 were unclassified_k_Fungi, unclassified_p_ Rozellomycota, unclassified_o_Branch02, Eleutherascus, Paraconiothyrium, Gibellulopsis, unclassified_p__Chytridiomycota and Pyrenochaetopsis. In contrast, more genera possessing higher relative abundance values were found at the inlet of CW2 than that of CW1. In addition, most of the top abundant genera in CW2 were different from those in CW1, except for unclassified_k_Fungi, unclassified_p_Rozellomycota, unclassified_p__Chytridiomycota and Pyrenochaetopsis. The genera Mortierella and Pseudeurotium, for example, were two of the top abundant genera in CW2, while their relative abundance values were very low in CW1 (Figure 4).



Significant differences in the relative abundance of the genera also existed between the inlets and outlets of the CW units. The typical genera having higher relative abundance values at the outlet of CW1 than at its inlet were Eleutherascus, Paraconiothyrium and Gibellulopsis, while those having lower relative abundance values at the outlet of CW1 than at its inlet were unclassified_f_Nectriaceae, unclassified_f_Hyaloscyphaceae and Zopfiella. The typical genera having higher relative abundance values at the outlet of CW2 than at its inlet were unclassified_p_Rozellomycota, Paraconiothyrium and Gibellulopsis, while those having lower relative abundance values at the outlet of CW2 than at its inlet were Phialoophora and Thielavia.



It is worth mentioning that unclassified_k_Fungi, unclassified_p_Rozellomycota, unclassified_p__Chytridiomycota and Pyrenochaetopsis were the common dominant genus in CW1 and CW2 and their relative abundance values remained stably at high levels at both the inlet and outlet of the two CW units. The top abundant genera Mortierella and Pseudeurotium also remained stable at the inlet and outlet of CW2, while their abundance levels changed slightly between the sampling sites in CW1.



The decrease in the relative abundance of a specific fungal genus did not necessarily mean the decrease in its absolute abundance because, as shown in Table 3, the total observed OTU number was different between not only the two CW units but also their outlets and inlets. The differences in the relative abundance levels of the fungal genera, however, could be used as an indicator for comparing their affinity with plant communities and adaptability to water pollution conditions. The identified genera possessing higher relative abundance values at the inlet of the CW unit were likely to be the ones that adapted better to polluted conditions, while the opposite could be true for the ones possessing higher relative abundance values at the unit’s outlet.



Over the last two decades, numerous studies had indicated the occurrence of various types of fungal genera in diversified environments [51,52,53,54,55] and most of them had actively participated in removing a number of pollutant compounds [56,57]. Determination of the correlation between the abundance of the identified fungal genera and pollutant concentrations should thus be of high value for comprehending the functions of fungi in the established CW treatment systems.




3.4. Correlation between Fugal Genera and Target Pollutants


The redundancy analysis (RDA) was performed to assess the relationship between the fugal genera identified for the sediment samples collected at different sites of the CW systems and the target pollutant concentrations of the sites. The top ten abundant genera were selected from each CW unit to form the RDA diagram (Figure 5). The length of the red arrow in Figure 5 was used to denote the correlation level between a target pollutant and a fungal genus or the effect of the target pollutant on the abundance of a fungal genus, while the angle between the red and black arrows was used to indicate the positive or negative nature of the correlation subject if the angle was lower or higher than 90°. The pollutant concentrations of the water samples obtained at the surface sediment sample collection sites were given in Table S4.



The results of the analysis indicated that RDA1 (the vertical ordinate) explained 29.10% and 33.72%, while RDA2 (the horizontal ordinate) explained 6.60% and 8.42% of the total variance for CW1 (Figure 5a) and CW2 (Figure 5b), respectively, showing that the influence of the pollutant concentration on fungal genera was greater in CW1 than in CW2.



The dominant genera, unclassified_k_Fungi, Eleutherascus, Gibellulopsis, Pyrenochaetopsis and Paraconiothyrium in CW1 (Figure 5a) were found to be positively correlated with the concentrations of all examined pollutants at different levels of significance. Negative correlations were further noted for unclassified_o_Branch02, unclassified_f_Hyaloscyphaceae and unclassified_f_Hyaloscyphaceae, showing the adverse effect of the pollutant concentrations on their living conditions.



The dominant genera possessing positive correlations with the concentrations of examined pollutants in CW2 (Figure 5b) were found to be unclassified_k_Fungi, Pseudeurotium and Cosmospora. The genera possessing negative correlations with the concentrations of all examined pollutants were shown to be Mortierella and unclassified_o_Sordariales.



A few abundant genera, such as unclassified_p_Chytridiomycota in CW1 and Fusarium and Talaromyces in CW2, were not sensitive to the changes in pollutant contents, indicating that they were less affected by the changes in water qualities in the observed range.



It is necessary to point out that, unlike the abundance level of a genus which could be regarded as an index related to its effect on pollutant removal, the presence of a positive or a negative correlation at either a higher or a lower significant level for a genus did not reflect the level of contribution of the genus to pollutant removal rates. The patterns of the dramatic differences among the wetland sediment samples depicted in Figure 5 just confirmed the fact that the pollutant concentration was one of the important factors affecting the fungal composition in the established systems.





4. Conclusions


The results obtained from the present study showed that the plant community with Zizania latifolia as the dominant species in CW1 performed much better than that with Phragmites communis as the dominant species in CW2 in terms of promoting the richness, abundance and diversity of the sediment fungal community. The enhanced fungal activity in both CW units was one of the main factors that raised the level of the treatment efficiency and reduced the concentrations of the target pollutants to levels below the stipulated national standards Class III. The improved water quality led to a decrease in the nutrient availability for both plants and microbes and resulted in a decline in the growth of the plants and the richness, abundance and diversity of the fungal communities in the outlet areas of the CW units.



Significant differences in top abundant fungi were observed at phylum, class and genus levels between the two established CW units and their sampling sites, indicating that the composition of the plant species and the concentration of the pollutants were two of the key factors affecting the diversity and activity of the sediment fungal community.



The top abundant genera found in CW1 were unclassified_k_Fungi, unclassified_p_ Rozellomycota, unclassified_o_Branch02 and Eleutherascus, while those found in CW2 were unclassified_k_ Fungi, unclassified_p_Rozellomycota, Mortierella and Pseudeurotium. Most of the top abundant genera observed in the CW units were either positively or negatively correlated with the target pollutants at different levels of significance.



The findings of the present study provided not only a better understanding of the relationship between wetland plants and fungal communities but also useful information for the development of water treatment systems using constructed wetland technologies.



In order to demonstrate the specific role of a key fungal species to remove nutrient pollutants (e.g., nitrogen or phosphorus), it is necessary to cultivate the strains in a defined medium and determine their effects. Further study should be carried out using the established CW systems in combination with strain cultivation technology with a focus on the determination of symbiotic fungi associated with Zizania latifolia and Phragmites communis and their integrated functions on pollutant removal.
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Figure 1. Removal rates of the examined pollutants in different seasons. (Note: error bars denote the standard deviations of triplicate measurements. CW1 and CW2 refer to the treatment systems defined in Table 1). 
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Figure 2. Distribution of the observed fungal communities. (a) Composition at phylum level. (b) The Venn diagram showing the distribution of the identified OTU. (c) Analysis of principal component (PC). (Note: The coordinate axes PC1 and PC2 show the differences in fungal composition. CW1 and CW2 refer to the treatment systems defined in Table 1 and their subscripts “in” and “out” denote, respectively, inlet and outlet of the two CW systems). 
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Figure 3. Relative abundances of the identified fungal phyla and classes. (Note: phyla and classes are distinguished by colors, and their abundances are indicated by the length of the colored columns. CW1 and CW2 refer to the CW units defined in Table 1. CW1in and CW2in denote the inlet of CW1 and CW2, while CW1out and CW2out denote the outlet of CW1 and CW2.). 
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Figure 4. Heatmap of the identified fungal genera. (Note: the legend color gradient shows the level of abundance. CW1 and CW2 refer to the CW units defined in Table 1. CW1in and CW2in denote the inlet of CW1 and CW2, while CW1out and CW2out denote the outlet of CW1 and CW2, respectively). 
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Figure 5. Redundancy analysis (RDA) of fungal genera in CW1 (a) and CW2 (b). (Note: the dot indicates the sampling site. The length of the arrow denotes the correlation level. The angle between the red and black arrows lower or higher than 90o denotes the presence of a positive or a negative correlation. CW1 and CW2 refer to the treatment systems defined in Table 1.). 
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Table 1. Parameter information of two wetland systems.
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	Unit
	Area (hm2)
	Dominant Species
	Density

(Plants/m2)
	Other Species
	HRT
	HLR
	PLR





	CW1
	2.10
	Zizania latifolia
	5
	Trapa natansa, Canna indicaa, Acorus calamusa

Oenanthe javanicab, Ipomoea trilobab, etc.
	42
	0.0074
	0.21



	CW2
	2.14
	Phragmites communis
	5
	Myriophyllum verticillatuma, Hydrilla verticillateaErigeron canadensisb, Setaria viridisb, etc.
	38
	0.0093
	0.25







Note: CW1: constructed wetland system with Zizania latifolia as the dominant species. CW2: constructed wetland system with Phragmites communis as the dominant species. HRT: annual average hydraulic retention time (day). HLR: annual average hydraulic loading rate based on surface area (m3/m2/d). PLR: annual average COD loading rate based on surface area (g/m2/d). a: cultivated plants, b: naturally germinated plants.
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Table 2. Average annual water quality indexes and pollutant removal rates of the treatment systems (data obtained in 2020).
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	Unit
	Site
	pH
	COD

(mg/L)
	TN

(mg/L)
	TP

(mg/L)
	NH4+-N

(mg/L)





	CW1
	Inlet
	8.00
	28.44 ± 7.86
	1.42 ± 0.35
	0.24 ± 0.04
	0.51 ± 0.09



	
	Outlet
	7.67
	18.38 ± 7.43
	0.93 ± 0.32
	0.16 ± 0.03
	0.34 ± 0.12



	Removal rate
	R%
	-
	35.9 ±13.1
	35.2 ± 11.8
	31.5 ± 13.6
	33.9 ± 17.7



	CW2
	Inlet
	7.98
	27.15 ± 2.75
	1.30 ± 0.11
	0.24 ± 0.02
	0.45 ± 0.08



	
	Outlet
	7.70
	19.56 ± 3.39
	0.93 ± 0.20
	0.19 ± 0.02
	0.36 ± 0.11



	Removal rate
	R%
	-
	27.6 ± 11.8
	29.0 ± 11.9
	23.0 ± 10.2
	21.3 ± 13.3



	Class III
	
	6~9
	20.0
	1.0
	0.2
	1.0







Note: treatment units CW1 and CW2 refer to the constructed wetlands defined in Table 1. Class III: stipulated national surface water quality standards. COD: chemical oxygen demand; TN: total nitrogen; TP: total phosphorus; NH4+-N: ammonia nitrogen.
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Table 3. Coefficient of the correlation between plant community index and pollutant removal rate.
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R (%)

	
COD

	
TN

	
TP

	
NH4+-N




	
Index

	
CW1

	
CW2

	
CW1

	
CW2

	
CW1

	
CW2

	
CW1

	
CW2






	
Margalef (richness)

	
0.938

	
0.946

	
0.989

	
0.957

	
0.961

	
0.827

	
0.964

	
0.923




	
Simpson (diversity)

	
0.994

	
0.970

	
0.965

	
0.984

	
0.957

	
0.887

	
0.907

	
0.911




	
Shannon–Weiner (diversity)

	
0.978

	
0.881

	
0.852

	
0.897

	
0.821

	
0.727

	
0.749

	
0.940




	
Pielou (evenness)

	
0.976

	
0.928

	
0.957

	
0.934

	
0.921

	
0.784

	
0.899

	
0.913








Note: CW1 and CW2 refer to the treatment systems defined in Table 1.
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Table 4. The total number of OTU and the α diversity index of the sediment fungal communities.
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	Unit
	Site
	OTU
	Chao
	Shannon–Weiner
	Good’s Coverage





	
	Inlet
	2337
	920.05 ± 197.35 a
	4.97 ± 0.11 a
	0.9988



	CW1
	Outlet
	1017
	350.13 ± 70.21 c
	3.95 ± 0.52 c
	0.9996



	
	Total
	3354
	
	
	



	
	Inlet
	1881
	627.41 ± 137.75 b
	4.49 ± 0.33 b
	0.9994



	CW2
	Outlet
	1551
	464.66 ± 95.55 bc
	4.08 ± 0.26 bc
	0.9996



	
	Total
	2432
	
	
	







Note: the values of the Chao, Shannon–Weiner and Good’s coverage indexes were provided by the Illumina’s Miseq PE300 platform. The superscripts a, b, c indicate the levels of significance for the difference between listed values (p ≤ 0.05). CW1 and CW2 refer to the treatment units defined in Table 1.
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