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Abstract

:

The effect of low temperature on microbial nitrogen metabolism in constructed wetlands has yet to be extensively investigated. In this study, we analyzed the effects of temperature changes on nitrogen-associated microorganisms and nitrogen metabolism functional genes in a multi-stage surface flow constructed wetland (MSSFCW) using metagenomic sequencing. The treatment of polluted river water in the MSSFCW, which had a mean water temperature (MWT) of ≤17 °C, resulted in a low removal efficiency (RE) for total nitrogen (TN; average RE: 23.05% at 1–17 °C) and nitrate nitrogen (NO3−-N; average RE: −2.41% at 1–17 °C). Furthermore, at a MWT of ≤11 °C, the REs were low for ammonium nitrogen (NH4+-N; average RE: 67.92% at 1–11 °C) and for chemical oxygen demand (COD; average RE: 27.45% at 1–11 °C). At 0.24 m3 m−2 d−1 influent load, the highest REs for TN (66.84%), NO3−-N (74.90%), NH4+-N (83.93%), and COD (52.97%) occurred in July and August, when water temperatures were between 26 and 28 °C. The lowest rates (TN: 11.90%, NO3−-N: −21.98%, NH4+-N: 65.47%, COD: 24.14%) occurred in the January–February period, when the water temperature was lowest (1–5 °C). A total of 25 significantly different species were detected in surface sediment, none of which were dominant species. The dominant phyla and genera at low (January) and high (July) temperatures were similar; however, microorganisms were more abundant in the low-temperature months. Our analysis indicated that the same nitrogen metabolism pathways occurred in January and July. Denitrification-associated functional genes were the most abundant; nitrification-related functional genes were the least abundant. Only nirBD displayed significantly different abundances between January and July. This paper can hopefully help researchers and managers further understand how temperature affects nitrogen removal performance in constructed wetlands.
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1. Introduction


Treated and untreated effluents, as well as agricultural runoff, flow directly into rivers, causing higher nutrient contents, including nitrogen, which leads to eutrophication of the lakes and reservoirs replenished by rivers [1,2,3]. Data from recent decades show that nitrogen concentrations in rivers around the world are increasing annually; thus, nitrogen pollution is a matter of international concern [4,5].



Constructed wetlands simulate natural wetlands in structure and function to provide treatment of wastewater. Engineered wetland systems that have been artificially designed and constructed have strong wastewater treatment capabilities and low construction, operation, and management costs [6,7]. Further, these wetlands, which are similar in structure to natural wetlands, can regulate and store floodwater, increase biodiversity, and be used for human recreation [2,8]. Moreover, constructed wetlands are an effective tool for the removal of nitrogen from polluted river water [1,3,9].



In constructed wetlands, microbial degradation plays a vital role in pollutant removal, especially the nitrogen removal process [10,11,12], and it is influenced by various environmental factors. Temperature not only affects microbial activity but can also change the structure of microbial communities, which is a key factor in nutrient removal in wetlands [1,13,14]. Multiple studies have assessed the influence of temperature on microbial degradation, but uncertainty remains regarding how temperature affects microorganisms and pollutant removal. For example, some studies agree that low temperatures severely inhibit microbial processes, including organic matter decomposition, nitrification, and denitrification [15,16,17]. Akratos and Tsihrintzis [18] demonstrated that, at temperatures below 15 °C, denitrifying bacteria do not function properly. However, a study by Van de Moortel et al. [19] found that total nitrogen (TN) and ammonium–nitrogen (NH4+-N) removal rates were highest between 5 °C and 15 °C. Furthermore, Chen et al. [14] concluded that low temperatures (5–10 °C) boosted the nitrification activity of microorganisms. In view of these seemingly contrasting findings, further research is required, especially on the geographical environment of constructed wetlands, to fully ascertain the influence of temperature in improving their purification capacity.



The Yongnian depression is the third largest depression in north China and the only lake wetland in southern Hebei province. It is, therefore, valuable in terms of ecosystem services. The Fuyang River is the main source of replenishment for the Yongnian depression. Agricultural runoff and tailwater from sewage treatment plants in the city of Handan and the surrounding counties flow into the river, resulting in large amounts of nitrogen entering the lake, thus producing a mesotrophic environment. To reduce nitrogen input load in the depression, a multi-stage surface flow constructed wetland (MSSFCW) was created using existing aquatic plant ponds around the depression’s water replenishment channel to purify water from the Fuyang River.



In this study, we compared the nitrogen removal performance of the field-scale MSSFCW across different months and analyzed the composition and metabolic pathways of nitrogen-associated microbial communities. The effects of temperature changes on the removal of nitrogen and on microbes and nitrogen metabolism in the constructed wetland were all evaluated. Specifically, we explored the relationship between nitrogen metabolism pathways and functional genes and pollutant removal in high- and low-temperature months.




2. Materials and Methods


2.1. Site Description


The MSSFCW (36°40′50″ N, 114°44′3″ E) is located southeast of Yongnian district, Handan city, China, and west of the FengDi drainage, which is the diversion channel from the Fuyang River to the Yongnian depression. It was completed in 2017 and has a net area of approximately 24,100 m2. The MSSFCW system is composed of five contiguous units referred to as U1–U5 (Figure 1). The wetland units have varying areas as they were constructed based on local geographical conditions, and the terrain is higher in the south and lower in the north. The water flows through each wetland unit from south to north under the action of gravity.



The area where the constructed wetland is located has a temperate monsoon continental climate, with marked temperature changes throughout the year (Figure 2a). The temperature is higher from May to September (average: 23–30 °C), with the highest annual temperature in July (average: 30 °C). April and October have similar midrange temperatures (average: 16 °C). January to March and November and December are the colder months (average: 0–11 °C), January being the coldest of the year (average: 0 °C). The average annual temperature is 16 °C. Changes in the wetland water temperature are similar to the atmospheric temperature (Figure 2a). The temperature is higher from May to September (average: 23–28 °C) and highest in July (average: 28 °C). The average water temperature is 15 °C in April and 17 °C in October. January to March and November and December have colder water temperatures (average: 1–11 °C), and January has the coldest water temperature (average: 1 °C).



The dominant wetland plants are reeds (Phragmites communis (L.) Trin.), with some lotuses (Nelumbo nucifera). The former accounts for approximately 95% of the wetland plant area, and vegetation coverage in summer is nearly 100%. To improve and avoid short-circuiting the hydraulic conditions in the wetland, the units contain guide walls. During the study period, to reduce the impact of changes in the hydraulic loading rate (HLR) and guarantee downstream water replenishment, the wetland HLR was maintained at approximately 0.24 m3 m−2 d−1 using an electromagnetic flowmeter (Shanghai Longruisi Electron Technology Co., Ltd., Shanghai, China). The water depth of each wetland unit was 25–30 cm, with a mean water depth of 28 cm, and the total hydraulic retention time was approximately 28 h.




2.2. Sample Collection and Analysis


2.2.1. Water Sample Collection and Physicochemical Index Analysis


Between March 2019 and February 2020, water samples were collected three times per month (not during precipitation) at the entrance and exit of the wetland (see Figure 1 for sampling details). Water samples were kept in glass bottles, stored at 0–4 °C, and quickly transported to the laboratory for analysis and determination. Water temperature was measured on-site using a HQ40d water quality detector (Hach, Loveland, CO, USA). NH4+-N and nitrate nitrogen (NO3−-N) were measured using an Auto-Analyzer3 continuous flow analyzer (SEAL Analytical, Norderstedt, Germany). TN was measured using alkaline potassium persulfate digestion ultraviolet spectrophotometry (HJ 636-2012) [20], and COD was measured using the potassium dichromate method (HJ 828-2017) [21]. Additionally, atmospheric temperature data were obtained from the Yongnian Meteorological Observatory, close to where the constructed wetland is located.




2.2.2. Microorganism Sample Collection


In July 2019 and January 2020, 0–5 cm microbial samples of surface sediment were collected from the five wetland units. To obtain representative samples from each unit, three samples of surface sediment of the same volume were collected from each unit (see Figure 1 for the sample locations) in the direction of water flow, with plant residues and gravel removed. They were then mixed evenly and packed into sealed polyethylene bags. The samples were stored on dry ice, quickly transported back to the laboratory, and stored in a −80 °C freezer for DNA extraction and molecular biology assays.




2.2.3. DNA Extraction, Library Construction, and Metagenomic Sequencing


Microbial DNA was extracted from sediment samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s instructions. Subsequently, the quantitative and qualitative identification of DNA samples was achieved using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. A metagenomic shotgun sequencing library with a mode length of approximately 400 bp was constructed using the TruSeq Nano DNA LT Library Preparation kit (Illumina, San Diego, CA, USA). The sample library was sequenced by Personal Biotechnology Co., Ltd. (Shanghai, China) on a HiSeq X-ten (Illumina).



We applied quality control and preprocessing to the raw sequencing data using the Cutadapt (v1.2.1) [22] and Fastp (v0.20.0) [23] software programs, obtaining a clean dataset with an average value of 11.78 Gb/sample for subsequent analysis. Further, we used Kaiju [24] to identify species based on the clean reads from metagenomic sequencing and analyze the statistical species information and sequences to obtain species composition and abundance information at the taxonomic level for each sample. Furthermore, for gene prediction and annotation, we used MEGAHIT [25] to splice and assemble the clean reads in each sample, employing the meta-large pre-set parameters and keeping the contig length at ≥300 bp. Additionally, we used the “easy-linclust” mode in MMseqs2 software (v7e2840992948ee89dcc336522dc98a74fe0adf00) [26] to cluster contigs showing 95% identity, with alignment coverage of 90% (proportion of short sequences), to obtain the non-redundant contig set. Genes in contigs were predicted using MetaGeneMark (Georgia Institute of Technology, Atlanta, GA, USA) [27]. The coding sequences for the samples were clustered using the “easy-cluster” mode in MMseqs2, setting the protein sequence identity threshold to 0.90 and covering residues of the shorter contigs up to 90%, thereby constructing non-redundant protein sequence sets. Functional gene annotation was completed by comparing non-redundant protein sequence sets with the KEGG Orthology-Based Annotation System database [28]. Moreover, Salmon [29] was used to assess the abundances of annotated genes, and MinPath [30] was used to infer metabolic pathways.





2.3. Statistical Analysis


SPSS (version 26) was employed to conduct Kruskal–Wallis tests, with which we determined significant differences in the water purification efficiency of the MSSFCW system at different temperatures. Linear discriminant analysis effect size (LEfSe) was used to identify taxa that contributed to the effect size in the microbial community and to analyze differences between microbial communities. Statistical analysis was conducted using LEfSe software (v1.0) (http://huttenhower.sph.harvard.edu/galaxy/ (accessed on 8 September 2022)). The microbial composition histogram, chord diagram, and significant difference test boxplot and histogram were all developed using genescloud tools (https://www.genescloud.cn (accessed on 20 October 2022)).





3. Results


3.1. Water Purification Performance


The water purification efficiency of the MSSFCW system was analyzed statistically under different temperature conditions (high, ~23–28 °C; medium, ~15–17 °C; and low, ~1–11 °C). The results obtained are shown in Table 1. From this table, it can be seen that the removal efficiencies (REs) of the system for TN, NO3−-N, NH4+-N, and COD, as well as the mass removal rates (MRRs) with respect to TN, NO3−-N, and COD, were significantly affected by temperature (p < 0.001), decreasing significantly with decreasing water temperature. However, the MRR for NH4+-N did not show any significant changes (p > 0.05) with increasing temperature but was slightly higher at lower temperatures.



Detailed information on the water purification in this constructed wetland is shown in Figure 2b–f). During the study period, the TN influent concentration in the wetland was 6.70 ± 0.60 mg L−1, the effluent concentration was 3.95 ± 1.59 mg L−1, the overall average RE was 41.23%, and the overall average MRR was 658.08 mg TN m−2 d−1. The TN purification capacity in the wetland increased as atmospheric temperature increased from March, stabilizing and reaching a peak in July to August. Further, RE was highest in August (66.84%), and MRR was highest in July (1092.13 mg TN m−2 d−1). Subsequently, as the temperature dropped, purification weakened. The lowest values occurred in January, when the RE and MRR were just 11.90% and 212.55 mg TN m−2 d−1, respectively.



The NO3−-N influent concentration in the wetland was 3.84 ± 0.45 mg L−1, the effluent concentration was 2.63 ± 1.37 mg L−1, the overall average RE was 29.38%, and the overall average MRR was 289.66 mg NO3−-N m−2 d−1. Further, the changes in NO3−-N purification were similar to those for TN. The removal effect was best in July, with an RE and MRR of 74.90% and 772.80 mg NO3−-N m−2 d−1, respectively. From January to March and in November and December, the NO3−-N removal efficiency was negative (average: −17.63%), and it reached its lowest level in February, when the RE was −21.98% and the MRR was −194.40 mg NO3−-N m−2 d−1.



The NH4+-N influent concentration in the wetland was 2.24 ± 0.43 mg L−1, the effluent concentration was 0.56 ± 0.24 mg L−1, and the overall average RE was 75.76%. The removal efficiency was higher and basically stable from June to October (average: 82.06%), and it was highest in July (83.93%). Additionally, the average RE in April and May was 75.69%, while it was lower in January to March and November and December (average: 67.92%), with the lowest value in February (65.47%). The NH4+-N influent concentration was higher in March to April 2019, December 2019, and January to February 2020 (Figure 2e) than within other periods. This resulted in a slight increase in the MRR at lower temperatures. These results notwithstanding, the overall differences in MRRs were small (overall average: 402.43 mg NH4+-N m−2 d−1).



The wetland’s COD purification also increased as temperature increased. RE was higher in June to August (average: 51.30%) and highest in July (52.97%). From November, the removal efficiency decreased sharply before stabilizing, and it was lowest in February (24.14%). The MRR was highest in June (6259 mg COD m−2 d−1) and lowest in January (3240 mg COD m−2 d−1). The overall average COD RE was 40.07%, and overall average MRR was 4937.32 mg COD m−2 d−1 (influent concentration of 52 ± 4 mg L−1).




3.2. Microbial Community Structure


3.2.1. Dominant Microorganisms Associated with Nitrogen


Based on the metagenomic sequencing results, a total of 37 microbial phyla associated with nitrogen were detected in the MSSFCW, including 33 phyla of bacteria (relative abundance: 91.42–94.76%) and four phyla of archaea (relative abundance: 0.54–3.31%), with 4.38–5.82% of microorganisms being unclassified. Species with a relative abundance of less than 1% in each unit were classified as “Others”, and the dominant phyla were analyzed. The dominant phyla among the wetland microorganisms were basically the same in January and July (Figure 3). Proteobacteria (53.97–67.70%), Chloroflexi (4.36–10.11%), and Acidobacteria (4.48–9.23%) had relatively high proportions and were the dominant bacterial phyla. This was consistent with the results published by Zhang et al. [2]. Proteobacteria, the most abundant phylum, play an important role in organic matter degradation and nitrogen transfer [31,32]. Chloroflexi survive well in a range of environmental conditions (aerobic and anaerobic) and are involved in various metabolic processes; its members can be nitrite oxidants and participate in nitrogen cycle metabolism [12,33]. The phylum Acidobacteria was only discovered recently, and its specific ecology is not well-understood [34]. However, existing studies have shown that Acidobacteria are mostly heterotrophic, have good carbohydrate utilization capacities, and can use nitrite as a nitrogen source [35].



Figure 4 shows genus-level microorganisms with an average relative abundance of >0.2%. The dominant genera among the wetland microorganisms were basically the same in January and July. The relative abundances of those involved in denitrification, including Thiobacillus (1.54–1.88%), Desulfobulbus (0.69–0.87%), Dechloromonas (0.67–0.84%), Anaeromyxobacter (0.57–0.65%), and Rubrivivax (0.56–0.62%), as well as Nitrospira (0.57–0.80%), which is involved in nitrification, were relatively high. They were the major dominant genera of bacteria in the wetland. Of the six most dominant genera, denitrifying bacteria were more numerous.




3.2.2. Microbial Community Diversity and Variation Analysis


The alpha-diversity index was used to characterize the effect of temperature change on the abundance and diversity of microbial communities associated with nitrogen (Figure 5). The Chao1 and ACE indexes represent the abundance of a microbial community, and the Shannon and Simpson indexes represent its diversity. In the MSSFCW, the Chao1, ACE, Shannon, and Simpson values were 1963.6 ± 91.24, 1315.38 ± 47.51, 8.99 ± 0.11, and 0.99 ± 0.001, respectively. All indexes were higher in January than July. The difference between Chao1 and ACE was significant (p < 0.05). Wetland microorganisms were more abundant in the colder months.



We used LEfSe (LDA > 2, p < 0.05) to compare groups at different temperatures and analyze differences in microbial community composition. Figure 6a shows the LDA values for groups with significant differences from phyla to species, and Figure 6b shows the evolutionary branches of species with significant differences. Our analysis indicated that there were 25 significantly different species in the wetland, including 20 in January and 5 in July, suggesting that species concentration increases during low-temperature months compared to high-temperature months, which was consistent with the results for the alpha-diversity index. The relative abundances of species with significant differences were lower.



Significantly enriched microbes in January included one class (Spirochaetia), one order (Leptospirales, a member of Spirochaetia), two families (Leptospiraceae (a member of Leptospirales) and Thioalkalispiraceae), six genera (Sideroxydans, Leptonema (a member of Leptospiraceae), Zeimonas, Ferrigenium, Polyangium, and Sulfurivermis (a member of Thioalkalispiraceae)), and ten species. Except for Lautropia sp. SCN 66-9, Thiobacillus sp. 65-1059, Thiobacillus sp. SCN 63-1177, and Steroidobacter soli, the other six species belonged to the six significantly different genera.



Significantly different microbes in July included one family (Xanthobacteraceae), two genera (Pseudolabrys (a member of Xanthobacteraceae) and Methylomicrobium), and two species (Pseudolabrys taiwanensis (a member of Pseudolabrys) and Anaeromyxobacter sp. Fw109-5). The five different species were all associated with denitrification [36,37].





3.3. Nitrogen Metabolism Pathway and Functional Genes


We used the KEGG database to classify functional genes related to nitrogen metabolism annotated in the macrogene data in order to further explore the impact of temperature change on the microbial nitrogen removal pathway. A total of six nitrogen metabolism pathways were involved in the MSSFCW (Figure 7a): assimilatory nitrate reduction (M00531), dissimilatory nitrate reduction (M00530), denitrification (M00529), nitrification (M00528), complete nitrification (M00804), and nitrogen fixation (M00175). Differences in metabolic pathways between January and July were minor (p > 0.05) (Figure 7b). M00529 had the highest relative abundance (21.92 ± 1.86%), and M00528 had the lowest relative abundance (0.73 ± 0.14%). The functional genes mediating nitrogen metabolism were the same in January and July. Only the relative abundance of nirBD was significantly different (p < 0.05) (Figure 7c).



Importantly, the oxidation of ammonium salt to nitrite in M00804 is generally considered to be the initial step in nitrification, as well as the rate-limiting step [38,39]. The mean relative abundance sums for the corresponding functional genes amoABC and hao were 0.70% in January and 0.76% in July.



The reduction of nitrate to nitrite in M00529 is the first step in both denitrification and in the reduction of nitrate to ammonium salt [40]. The reduction of nitrate to nitrite in a wetland is completed via the two processes of dissimilation and assimilation, and the abundance of functional genes that mediate dissimilation (narGHI and napAB, the mean relative abundance sums of which were 11.78% in January and 11.94% in July) was much greater than the abundance of functional genes that mediate assimilation (narB and nasA, the mean relative abundance sums of which were 2.29% in January and 2.12% in July). Therefore, the reduction of nitrate to nitrite in the wetland was mainly completed during the dissimilation process.



In wetlands, nitrite reduction includes denitrification, dissimilatory reduction, and assimilatory reduction. Denitrification can gradually reduce nitrite to N2 under certain conditions. The mean relative abundance sums for the relevant functional genes (nirKS, norBC, and nosZ) were 10.14% in January and 9.98% in July. Dissimilation and assimilation can reduce nitrite to ammonium. The mean relative abundance sums for the functional genes encoding dissimilatory nitrite reductase (nirBD and nrfAH) were 5.97% in January and 6.00% in July, while those of functional genes encoding assimilatory nitrite reductase (nirA) were 0.15% in January and 0.12% in July. To summarize, this indicates that denitrification is the main pathway for reducing nitrite, while dissimilation is the main pathway for reducing nitrite to ammonium.



Furthermore, wetlands are capable of nitrogen fixation, and the mean relative abundances of the functional gene nifDHK involved in nitrogen fixation were 2.72% in January and 2.27% in July. These values were higher than the abundances of functional genes associated with nitrification (amoABC and hao), which consume ammonium.





4. Discussion


Using metagenomic sequencing, we examined the impact of temperature changes on nitrogen-associated microorganisms and nitrogen metabolism functional genes in an MSSFCW. Our analyses revealed that the removal efficiency for nitrogen in the wetlands was significantly influenced by changes in temperature. The TN removal efficiency was highest in July and August, when the water temperature was 26–28 °C. However, in October, when the water temperature dropped to 17 °C, the TN removal efficiency immediately decreased by 23.88%. This was higher than the influencing temperature of below 15 °C obtained by Akratos and Tsihrintzis [18]. When the water temperature dropped below 11 °C (January–March and November–December), the average TN removal efficiency was below 20%.



The removal of TN depends primarily on the ability of the wetland to remove NO3−-N and NH4+-N as they are the main components in TN. The NO3−-N removal efficiency was highest in July and August when the water temperature was 26–28 °C, and the removal efficiency decreased significantly when the water temperature fell to ≤17 °C. Once the water temperature dropped below 11 °C, the removal efficiency turned negative. Thus, NO3−-N was particularly sensitive to temperature changes. This finding is largely consistent with the study by Chen et al. [14], who reported that nitrate accumulates at temperatures below 10 °C.



The influence of temperature on NH4+-N removal efficiency was also extremely significant. Compared with the June to October period (water temperature: 17–28 °C), NH4+-N removal efficiency decreased by approximately 14% in the low-temperature months of January to March, November, and December (water temperature: ≤ 11 °C). While this observation was in agreement with previous studies showing that low temperature suppresses NH4+-N removal, we found that the suppression was not as great as previously reported (a reduction by 40%) [9].



The ability of the wetland to remove COD was also affected by low temperature, and significantly lower removal efficiency was recorded when the water temperature was ≤ 11 °C. Compared with June to August (water temperature: 26–28 °C), removal efficiency decreased by approximately 27% in January and February when the water temperature dropped below 5 °C.



Microbial nitrogen metabolism is the primary method of removing nitrogen in wetlands. In the MSSFCW, we detected a total of 37 microbial phyla that were associated with nitrogen, along with a high alpha-diversity index and an abundant and diverse microbial community. Temperature change did not have a strong effect on microbial species as fewer species displayed significant variation—only a small proportion of the abundance of the microbial community—and there were no significant differences in the dominant microorganisms. This observation indicates that the change in wetland purification was not caused by a change in the composition of the microbial community. This finding differs from the results obtained by Mu et al. [41], who found that low temperature changes the dominant microbial phyla, leading to a fall in nutrient removal.



In the MSSFCW, NO3−-N was mainly consumed in the M00529 and M00530 pathways. Compared with the production of NO3−-N by the M00804 pathway, the abundance of functional genes that mediate the removal of NO3−-N was much higher than the abundance of genes that mediate its input, indicating that the wetlands possessed substantial NO3−-N removal potential. Furthermore, in the M00530 pathway, the proportion of the abundance of nirBD, which mediates nitrite nitrogen (NO2−-N) reduction, was significantly higher in January (2.94%) than that in July (2.14%) (p < 0.05), slightly accelerating the conversion of NO3−-N. Nevertheless, as the temperature fell, the NO3−-N removal efficiency decreased significantly, causing it to accumulate. It has been previously reported that a suitable temperature range contributes to the metabolic activity of denitrification enzymes and dissimilatory nitrate reductase, while low temperatures inhibit their activity, reducing the metabolic rate and limiting water purification [14,42,43]. In the MSSFCW, the reduction in NO3−-N removal was likely due to low temperatures inhibiting the activity of related enzymes, resulting in a decrease in the metabolic rate.



Nitrification is a process whereby microbial metabolism removes NH4+-N. Due to the low abundance of functional genes mediating NH4+-N oxidation (amoABC and hao), nitrification conversion of NH4+-N was limited, likely accounting for its low removal efficiency in the wetlands. Considering that low temperatures inhibit nitrification [44,45], NH4+-N removal efficiency further decreases with drops in temperature.



In the nitrogen metabolism in the wetlands, the M00531, M00530, and M00175 pathways produced ammonium. The corresponding functional genes were more abundant than M00528, which consumes NH4+-N; however, NH4+-N concentration in the effluent did not increase. This observation indicates that, in the wetland environment, ammonium assimilation by microbes and plants maintained a balance for NH4+-N.




5. Conclusions


Water purification in the MSSFCW was significantly affected by temperature change, with notably higher removal efficiencies for TN, NO3−-N, NH4+-N, and COD in high-temperature months than in low-temperature ones. Temperature changes had little effect on the composition of microbial communities associated with nitrogen metabolism in the wetlands, with similar dominant phyla and genera for low temperatures in January as for high temperatures in July. Proteobacteria was the dominant phylum, and Thiobacillus was the dominant genus. Nitrogen metabolism in the wetland comprised six pathways: assimilatory nitrate reduction, dissimilatory nitrate reduction, denitrification, nitrification, complete nitrification, and nitrogen fixation. Functional genes that mediate denitrification were the most abundant and functional genes that mediate nitrification were the least abundant. There were no statistically significant differences in any of the nitrogen metabolism pathways between January and July.
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Figure 1. Basic information on the multi-stage surface flow constructed wetland. 
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Figure 2. Data for the multi-stage surface flow constructed wetland: (a) temperature, (b) removal efficiencies (REs) for pollutants (TN, NO3−-N, NH4+-N, and COD), and (c–f) influent and effluent concentrations (TN and NO3−-N and NH4+-N and COD) and mass removal rates (MRRs) from March 2019 to February 2020. 






Figure 2. Data for the multi-stage surface flow constructed wetland: (a) temperature, (b) removal efficiencies (REs) for pollutants (TN, NO3−-N, NH4+-N, and COD), and (c–f) influent and effluent concentrations (TN and NO3−-N and NH4+-N and COD) and mass removal rates (MRRs) from March 2019 to February 2020.



[image: Water 15 01256 g002]







[image: Water 15 01256 g003 550] 





Figure 3. Histogram of nitrogen-associated microbial community composition and relative abundance at the phylum level. 
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Figure 4. Chord diagram of nitrogen-associated microbial community composition at the genus level. 
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Figure 5. Boxplots of differences in α-diversity indexes for nitrogen-associated microbial communities. * Indicates a significant difference between groups (p < 0.05). ** Indicates a larger significant difference between groups (p < 0.01). 
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Figure 6. (a) LDA distribution map for different species (colors represent groups, and the lengths of the bars represent the contributions of different species). (b) Evolutionary branch diagram for different species (circles represent the taxonomic level, from phylum (inner) to species (outer); node size corresponds to species average relative abundance; hollow nodes represent species with no significant differences between groups; significantly different species are colored by group; letters represent the names of significantly different species, which are displayed in the legend). 
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Figure 7. MSSFCW microbial nitrogen metabolism pathway and related functional genes: (a) KEGG pathway for nitrogen metabolism; (b) nitrogen metabolism pathway statistical test; (c) functional gene relative abundance histogram. * Indicates a significant difference between groups (p < 0.05). 
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Table 1. Water purification efficiency of the MSSFCW system and statistical tests at different temperatures.
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Index

	
Water Temperature

	
p Value




	
High

	
Medium

	
Low






	
Removal efficiency (%)

	
TN

	
63.05 ± 4.27

	
36.31 ± 6.79

	
16.42 ± 3.86

	
0.000128 ***




	
NO3−-N

	
67.53 ± 8.00

	
28.03 ± 13.34

	
−17.63 ± 5.73

	
0.000128 ***




	
NH4+-N

	
81.19 ± 2.46

	
77.87 ± 4.00

	
67.92 ± 1.80

	
0.000516 ***




	
COD

	
49.25 ± 3.31

	
45.50 ± 4.10

	
27.45 ± 3.74

	
0.000239 ***




	
Mass removal rate (mg m−2 d−1)

	
TN

	
1016.79 ± 115.25

	
542.94 ± 58.09

	
267.26 ± 54.93

	
0.000127 ***




	
NO3−-N

	
661.06 ± 115.63

	
244.20 ± 99.25

	
−151.86 ± 51.13

	
0.000128 ***




	
NH4+-N

	
391.68 ± 58.10

	
392.40 ± 72.83

	
420.87 ± 40.19

	
0.508553




	
COD

	
5835.84 ± 795.80

	
5760 ± 293.94

	
3573.33 ± 511.56

	
0.000393 ***








Note: *** Indicates a highly significant difference between groups (p < 0.001).
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