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Abstract

:

This study aimed to investigate the removal of β-hexachlorocyclohexane (β-HCH) at realistic concentration levels (10 µg/L) in different plant species in constructed wetlands (Acorus calamus, Canna indica, Thalia dealbata, and Pontederia cordata) and the structure of the rhizosphere microbial community response of each group during summer and winter. Results showed that all groups of constructed wetlands had very good decontamination efficiency against β-HCH in water (90.86–98.17%). The species that most efficiently purified β-HCH in water was A. calamus in summer (98.17%) and C. indica in winter (96.64%). Substrate sorption was found to be the major pathway for β-HCH removal from water in the constructed wetlands. The ability of the wetland plants to absorb and purify β-HCH was limited, and C. indica had the strongest absorptive capacity among the four plant species. The mean β-HCH removal from the matrix of the planted plants increased by 5.8% compared with that of the control treatment (unplanted plants). The average β-HCH content in the plant rhizosphere substrate was 4.15 µg/kg lower than that in the non-rhizosphere substrate. High-throughput sequencing analysis revealed significant differences (P < 0.05) in the Chao1 and ACE indices of microbes in the substrate of four wetlands during summer and winter. At the genus level, the constructed wetlands with vegetation plantations showed higher microbial abundance than the constructed wetlands without vegetation plantations. In winter, the bacterial community structure of each constructed wetland was quite different, but no dominant flora in the bacterial community structure obviously changed. In summer, the bacterial community structure at the same stage was relatively small. The abundance of Actinobacteria and Sphingomonas remarkably increased over time in summer.
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1. Introduction


Hexachlorocyclohexanes (HCHs) are persistent organic pollutants of global concern and common organochlorine pesticides (OCPs) [1]. HCHs are widely used as pesticides in agricultural production because of their low cost and high efficiency [2]. Although HCHs have been completely banned since the 1970s by various countries and their toxicity had been remedied through various means, high amounts of HCH residues are still detected in the environment because of their stable properties and the long-range migration characteristics of some of their isomers, posing a serious risk to the global terrestrial and marine ecology [3,4,5]. HCHs have eight isomers, with α, β, γ, and δ as the main forms [6]. Among all isomers, the β-isomer has the lowest volatility, the strongest stability, the longest half-life, and is the most difficult to biodegrade [7,8]. β-HCH is also a halogenated organic substance with extremely low water solubility and biological toxicity, as well as an endocrine disruptor. It can easily accumulate in the adipose tissues and the central nervous system of invertebrates and birds owing to its lipid solubility; thus, it can damage the mammalian reproductive and nervous systems and cause cellular inflammation or DNA damage. Moreover, it is a high-risk carcinogenic teratogenic contaminant [9,10,11]. The HCH isomers α, β, and γ were listed as persistent organic substances in the 2011 Stockholm Convention because of their harmful effects [12].



Constructed wetlands (CWs), which are artificially simulated to follow the operation patterns of natural wetlands, are a comprehensive ecological treatment technology for decontaminating sewage [13]. Owing to their cost, operation convenience, low management expense, high efficiency, and general applicability, CWs are widely used in the treatment of municipal domestic wastewater worldwide as they can effectively remove excess ammonia in water bodies and most organic matter, and they also have a certain aesthetic value [14,15,16,17]. The important compositions of CWs are plants, substrates, and microorganisms [18]. The basic principle of CWs is to purify all types of pollution in water bodies through a series of physical, chemical, and biological interactions via adsorption from soil matrix, plant uptake, and microbial degradation [19]. Microorganisms in wetland systems play an extremely important role in degrading water pollutants [20]. This role is related to the plant rhizosphere environment, wherein a well-developed root system is conducive to microbial attachment, and oxygen secretion by the rhizosphere can also provide a more suitable environment for aerobic microorganisms to perform physiological activities, making them metabolically more active, and some pollutants also need to undergo aerobic–anaerobic processes before they can be completely removed [21,22,23]. Currently, several technologies have been developed for water remediation: for example, natural materials are widely recognized by the scientific community as high potential substrates for many purposes. In particular, functionalization processes of natural substrates have improved the affinity of the developed bio-sorbents towards several classes of pollutants and significantly improved their removal effect on said pollutants, such as heavy metals and dyes [24], organic compounds [25,26], endocrine disrupting compounds [27], and hydrocarbons [28].



Many studies have been conducted on OCPs from CWs. OCPs accumulate in abundant amounts in the matrixes and surface sediments of wetlands, and phytosorption has been shown to be a useful removal method [29]. However, studies on the CW removal of pesticides largely focused on the role of the matrix and plants in wetlands. In this study, a series of experiments were conducted by constructing different plant groups in winter and summer to explore changes in the community structural characteristics of rhizosphere microorganisms in the process of removing β-HCH from CW systems. This study provides a clear understanding of the mechanism of β-HCH removal by CW plant-coupled microorganisms.




2. Materials and Methods


2.1. Experimental Setup and Operating Conditions


The simulated CW model (Figure 1) was an aluminum vessel with a dimension of 1.0 m × 0.5 m × 0.6 m. It was constructed within the campus of Guangxi Guilin University of Technology, China. Cobblestones with a particle size of about 2.0–3.0 cm were uniformly laid on the bottom of the vessel at a height of 10 cm. Cobblestones in the soil collected from the surrounding croplands at the Huixian Wetland, in the Guilin region of Guangxi, China, were further added to a depth of 20 cm. A water outlet with a diameter of 20 cm was also set at 1.0 cm from the bottom of the container, and a tap made of polyvinyl chloride was used to collect water samples.



The plants selected in this study were locally dominant CW species, namely, Acorus calamus (group C), Canna indica (group M), Thalia dealbata (group Z), and Pontederia cordata (group S). Each CW unit was planted at a density of 20 plants, with two groups per plant setup. Other groups based on the propylene-based theorem were administered as microbial growth inhibitors and denoted as groups CY, MY, ZY, and SY. Two more blank control groups, denoted as K and KY groups, were established for a total of 10 groups of models. The influence of seasonal variations on each stage of CW operation was explored in winter and summer. This experiment was operated in an intermittent water-in and water-out mode with a single cycle of 15 days and four cycles of continuous water intake, for a total of 60 days. Each water intake of the simulated domestic wastewater was 30 L. The experimental water was artificial water, which was constructed from the configurations of potassium dihydrogen sulfate, starch, ammonium chloride, and potassium nitrate. The parameters of the experimental water were as follows: β-HCH concentration was 0.01 mg/L; pH was 6.90–7.30; COD was 102–105 mg/L; and the mass concentrations of DO, NH4+-N, TN, and TP were 3.6–4.8, 20–25, 35–40, and 2.0–3.5 mg/L, respectively.




2.2. Sample Collection


During the experimental period, water samples were collected at regular intervals of 1, 5, 9, 15, 22, 30, 37, 45, 52, and 60 days. The matrix acquisition times were consistent with the water sample collection. The non-rhizosphere matrix was taken 0.05 m below the surface soil of the wetlands, whereas the rhizosphere was taken from plant rhizosphere bags on days 1, 15, 30, and 60 and used as the soil bacterial samples for sequencing.




2.3. Instrumentation and Chemicals


The instruments used in the analytical determination in this experiment were as follows: GC/ECD (PerkinElmer, Waltham, MA, USA); column (Agilent, Santa Clara, CA, USA); solid-phase extraction device (Limited Japan); ultrasonic cleaner (Kunshan Ultrasonic Instrument); 24 position nitrogen blow instrument (Agilent, Santa Clara, CA, USA); freeze dryer (Great Wall Scientific Trade, China); benchtop centrifuge (Shanghai Anting Technology); ultrapure water meter (Millipore, Burlington, MA, USA); and portable pH meter (Shanghai lichen Instrument Technology).



β-HCH standards (n-hexane solution; purity > 99.0%) were acquired at the Environmental Quality Surveillance and Inspection Testing Center, Ministry of Agriculture, China. N-hexane, acetone, and methanol were purchased from Tedia Company, Fairfield, OH, USA. Ethyl acetate and dichloromethane were obtained from Shanghai Aladdin, both of which were chromatographically pure.




2.4. Sample Analysis


The content of β-HCH in each sample was subjected to solid-phase extraction and then analyzed via gas chromatography with an electron capture detector (ECD) and an autosampler with split injection (PerkinElmer, Waltham, MA, USA), using a 10:1 split ratio, injection volume of 0.8 μL, and injection port temperature of 250 °C. The detector temperature was 320 °C. High-purity nitrogen was used as the carrier gas. The sample loading time for each sample was 26 min, and the time to peak for β-HCH ranged from 18 min to 19 min.



The V4 + V5 region of 16S rDNA was amplified via polymerase chain reaction (PCR) by using diluted genomic DNA as template and specific primers (515F and 806R) with barcode, Phusion high-fidelity PCR master mix (Elabscience, Wuhan, China) with GC buffer (New England Biolabs), and high-efficiency high-fidelity enzyme. The PCR reaction system (30 μL) included 15 μL Phusion Master Mix (2×) (Elabscience, Wuhan, China), 3 μL primer (2 μmol/L), 10 μL g DNA (1 ng/μL), and 2.0 μL H2O. The reaction procedures for PCR amplification involved pre-denaturation at 98 °C for 1 min, 30 cycles (denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, and extension at 72 °C for 30 s), and extension at 72 °C for 5 min. Amplification products were detected via electrophoresis by using 2% agarose gel. The samples were subjected to DNA purification and recovery by using MagicPure size selection DNA bead kits (Nanjing Jiancheng Biological Engineering Research Institute Co., Ltd. Nanjing, China). High-throughput sequencing was performed on Illumina MiSeq platform (Illumina, San Diego, CA, USA).




2.5. Data Analysis


Statistical analyses were performed using Excel (v 2019, Microsoft Corporation: Redmond, WA, USA) and SPSS (v21.0., IBM: Armonk, NY, USA). Graphs were drawn using Origin (v2017, OrignLab: Northampton, MA, USA). The statistical significance of β-HCH concentrations was analyzed. One-way ANOVA at 95% confidence level (P < 0.05) was used to evaluate significant differences in the concentrations of β-HCH between the two seasons and each group. Microbial data were analyzed using R software (v2.25.3, Parametric Technology Corporation: Boston, MA, USA), UPARSE v7.0.1001 (http://www.drive5.com/uparse/) (accessed on 13 September 2021), and MUSCLE v3.8.31 (http://www.drive5.com/muscle/) (accessed on 13 September 2021).





3. Results and Discussion


3.1. β-HCH Removal


3.1.1. Removal of β-HCH in Water


The β-HCH in the CW water bodies was rapidly removed in the first 5 days after the start of the experiment (Figure 2). This result can be attributed to the sorption of the substrate. β-HCH is a hydrophobic pesticide. Studies have shown that the particles of some pesticides, after entering the water body, can combine with fine particles of organic matter in the water to produce a physical sedimentation effect. The pesticides in water are then quickly removed through the sorption of the substrate. Nonpolar organic pollutants are first sorbed onto the organic matter-rich substrate through the hydrophobic process. This process is especially true in the case of treating wastewater contaminated with organic compounds that are difficult to biodegrade. Various materials, such as activated carbon added to the CW substrate and biochar infiltrated with Fe, have a great sorption capacity and removal of hydrophobic contaminants [29,30,31,32]. An undulatory trend of the remaining concentration of β-HCH was observed due to the new β-HCH was added in the subsequent periods. The removal rate of β-HCH in the water bodies in winter and summer was not remarkably different. The removal rate of group K was lower than that of the reactor with plants. This result proved that planting of plants can reduce the effluent concentration of β-HCH. However, the final removal rate of group K was not substantially different from that of the CWs of planted plants. The removal rates of groups K, C, M, Z, and S were 90.86–96.64% in winter and 92.98–98.17% in summer. Compared with that of group K, the decontamination rate of β-HCH from the CWs’ water bodies with plants increased by 3.6–5.78% in winter and 1.49–5.19% in summer. In both seasons, group Z had the lowest treatment effect. Group C had the best treatment effect in summer group M in winter. The data on the final β-HCH removal rate of each group of CW water body are presented in Table S1. Results showed that the administration of microbial inhibitors only slightly reduced the purification capacity of the water bodies for β-HCH.




3.1.2. Plant Uptake


Starting on the 7th day, β-HCH was detected from various plants at levels ranging from 0.25 µg/kg to 0.71 µg/kg. After the CWs were operated for 60 days, the average contents of β-HCH in the plants of groups C, M, Z, and S were 2.96, 3.92, 1.98, and 3.38 µg/kg, respectively, in winter (Figure 3a) and 3.96, 4.91, 2.55, and 3.52 µg/kg, respectively, in summer (Figure 3b). Compared with that in winter, the uptake of β-HCH by the plants increased by 0.57–0.99 µg/kg in summer. In both seasons, C. indica had the best uptake capacity for β-HCH. Its uptake capacity for β-HCH was higher by 23.98–92.54% than the other plants in this study.



Bioaccumulation factor (BCF) can be utilized to characterize the ability of plants to accumulate organic pollutants; the larger the BCF value, the stronger is the ability of plants to absorb pesticides [33]. The BCF value of groups C, M, Z, and S was 0.2955, 0.3921, 0.181, and 0.3386, respectively, in winter and 0.3964, 0.4912, 0.2546, and 0.3511, respectively, in summer. This result showed that C. indica had the strongest β-HCH uptake capacity in this study. Well-developed root systems are more prone to microbial attachment; thus, they can further improve the purification of pollutants [20]. In Phragmites and Typha, HCHs are mainly distributed in the roots and leaves after they enter plant tissues [29]. Among the plant species in this study, C. indica had a more developed root system, taller stems, and larger leaves, properties which were conducive to the enrichment of β-HCH. The addition of microbial inhibitors had no remarkable effect on the process of β-HCH uptake by the plants and only marginally reduced the β-HCH sorption by the plants (Table S2). Thus, further studies on the relationship between pesticide uptake by plants and microorganisms are warranted.




3.1.3. Substrate Sorption


The content of β-HCH in both the rhizosphere and nonrhizosphere substrates steeply increased and peaked in the first 5 days in both seasons (Figure 4a–d). This result demonstrated that the substrate had a considerable sorption effect on β-HCH. Some studies found that the pesticide adsorption by substrates in CWs depends on the physicochemical properties of the pesticide, and it is more likely to be adsorbed by the substrates when the Log Kow value of the pesticide is >3, but the pesticide cannot easily cross the biofilm into the plant stem and other tissues [34,35]. In this study, the Log Kow value of β-HCH was 3.89, indicating that it was easily sorbed by the substrate. The first cycle was taken as an example to evaluate the removal effect of β-HCH in the CWs’ substrate. The removal rate of β-HCH in the rhizosphere substrate of groups C, M, Z, and S was 36.25%, 46.41%, 45.75%, and 2.00%, respectively, in winter and 22.26%, 52.16%, 32.17%, and 13.21%, respectively, in summer. The removal rate of β-HCH by groups K, C, M, Z, and S in the non-rhizosphere substrate was 12.66%, 40.57%, 34.02%, 31.32%, and 41.52%, respectively, in winter and 10.79%, 34.11%, 10.99%, 23.75%, and 14.01%, respectively, in summer. In both seasons, the content of β-HCH was higher in the non-rhizosphere substrate than that in the rhizosphere substrate. Meanwhile, group K had the highest amount of residue. Therefore, the planting of plants had a substantial effect on the purification of β-HCH in the CWs. According to previous studies, various pollutants, such as pesticides, are removed primarily via substrate absorption, while a small fraction are removed by plant uptake, and a further proportion are degraded by microorganisms present in wetlands. However, the degradation capacity of microorganisms is limited. Several factors, such as the organic matter of the substrate, temperature, pH, and plant rhizosphere oxygen and secretions, can affect the degradation of pollutants by microorganisms [30,36,37].



The addition of microbial inhibitors considerably affected the final content of β-HCH in the CW substrate (Tables S3 and S4). The final content of β-HCH in the non-rhizosphere and rhizosphere substrates after the addition of microbial inhibitors was 3.74% and 8.78%, respectively, higher in winter and 12.35% and 12.15%, respectively, higher in summer than that in the groups without microbial inhibitors. This difference may be attributed to the fact that the microbes were more active during summer; thus, the plants’ response to the microbial inhibitors was more pronounced. In a short period of time, the rates of hydrolysis, evaporation, and photolysis of β-HCH in natural environments are minimal [8]. Therefore, in this study, the plant uptake, substrate sorption, and microbial degradation were the main factors that affected the removal of β-HCH in CWs. The administration of microbial inhibitors in this study had little constitutive effect on water purification and plant uptake, indicating that the microbial inhibitors influenced the degradation of β-HCH by the microorganisms present in the CWs’ substrates.





3.2. Bacterial Community Structure


The purification of pollutants in CWs is inseparable from the contribution of microorganisms [21]. Therefore, changes in the community response of the substrates’ microorganisms during β-HCH purification in the CWs were measured to explore their important role in β-HCH degradation.



3.2.1. Alterations in Abundance and Diversity of Bacterial Community Caused by β-HCH


The high-throughput sequencing data of 80 samples obtained a total of 77 phyla, 96 classes, 177 orders, 311 families, 704 genera, and 482 species of bacteria. The bacterial dilution curve of the 80 samples during the operation of the CWs in winter and summer is plotted in Figure S1. The curve in both seasons gradually approached the saturation plateau. Thus, the amount of sequencing data was reasonable.



Homogenizing the bacterial diversity data across all samples resulted in an average diversity index of the bacterial community in each CW at different stages (Table 1). As the test progressed in winter, no obvious difference in bacterial community diversity index was observed. However, the Shannon index and the Chao1 index of the CWs at different stages were notably higher in each group in summer compared with before β-HCH was administered. This result indicated that in summer, the bacteria in the CWs responded more strongly to β-HCH, and they had a regular growth. In addition, all bacterial diversity indices were greater in the CWs in summer than that in winter (Table S5). No significant difference in the OTU and Shannon indices were detected in both seasons (P > 0.05), but their Chao1 and Ace indices were significantly different (P < 0.05).



The number represents the running days of the model at the sampling time, where 1 meant that β-HCH had not been added yet.



The CWs’ bacterial diversity index for each group is given in Table 2. Significant differences (P < 0.05 were observed in the community structure and number of bacteria in the CWs of different plant species. The species and number of bacteria in group S were fewer than those in group K, probably because of the greater inhibition of β-HCH in the rhizosphere bacteria of Pontederia cordata within a short period of time. The use of lindane (γ-HCH) inhibits the growth of barley plants to a certain extent, and it also affects the changes in the structure of soil bacteria, especially rhizosphere bacteria [38]. Al-Ani et al. [39] reported that the use of α-cypermethrin and malathion in soil substantially reduced the number of fungi and actinomycetes and inhibits soil microbial activity. However, the influence of the toxicity of pesticides on soil microorganisms does not last forever. Soil microorganisms will make some corresponding changes, such as mutations to produce resistance to pesticides or expression of specific genes and hydrolytic enzymes to degrade pesticides and develop adaptability [40,41].



Principal component analysis (PCA) of operational taxonomic units was performed on each sample to examine further the differences in bacterial communities among the CW groups (Figure 5). The components of each sample showed dispersion in winter, indicating that the bacterial community composition of each group was quite different in each season. Principal coordinate 1 (PC1) and principal coordinate 2 (PC2) in winter and summer (which explained 15.98% and 14.67%, respectively) showed that β-HCH only slightly changed the bacterial community structure. The CWs’ samples in summer clustered in the PCA plot, and the samples on the 60th day were exclusively located to the right of PC1, which was primarily responsible for the differences. The distance between samples in groups C and M became larger over time. Analyses of the efficacy of various plant CWs in β-HCH removal revealed that the bacterial communities of A. calamus and C. indica diverged in a direction favoring β-HCH degradation, leading to large differences in their communities. In addition, the samples of the dosed microbial inhibitor group were less distant from the samples of the non-dosed microbial inhibitor group, indicating that the microbial inhibitors had little effect on bacterial community diversity. Therefore, the effects of microbial inhibitors were ignored in subsequent analyses.




3.2.2. Bacterial Community at the Phylum Level in Both Seasons and in Different Plants


The top 10 bacterial phyla with relative abundance in the CWs of each group in both seasons are shown in Figure 6a,b. The bacterial phyla with an average relative abundance of over 4% in each group in both seasons were the same and mainly contained Proteobacteria, Chloroflexi, Acidobacteria, Rokubacteria, Actinobacteria, and Firmicutes, and these strains occupied a dominant position (accounted for over 80% of the total microorganisms). Proteobacteria was the most dominant phylum occupying the absolute dominance in the five groups of CWs. This result was similar to that of previous studies [42,43]. As shown in Figure 6c, the difference in season had a certain effect on bacterial diversity. Hence, the bacterial community occupancy changed, but no significant difference was observed in bacterial community diversity at the phylum level (P > 0.05).



As the experiment progressed, the proportion of Firmicutes and Actinobacteria gradually increased in each CW in summer, but the changes in other phyla were not significant (Table S6). A study found that Firmicutes and Actinobacteria were abundant in two different soils that had been contaminated with pesticides for a long time [44]. Previous studies showed that Actinomycetes, especially Streptomyces, has a great potential to degrade various organochlorine pesticides [45,46]. With regard to HCHs, Streptomyces sp. M7 isolated by a CW system has a high degradation efficiency for α/β-HCH, and the degradation rate for α and β isomers within 7 days is 80% and 78%, respectively [47].




3.2.3. Bacterial Community at the Genus Level in Both Seasons and in Different Plants


Significant differences at the genus level were observed (P < 0.05) between winter and summer. Stenotrophomonas, Malaysia, and Lysobacter appeared only in winter, whereas Sphingomonas and Streptomyces appeared only in summer, and their abundance continued to increase. Differences in the bacterial genera of the CWs among the groups in both seasons are shown in Figure 7a,b. The differences at the genus level between the CWs of each group in winter were relatively negligible, whereas the differences at the genus level between the CWs of each group in summer were significant. Moreover, the bacterial communities in winter and summer were significantly different at the genus level (P < 0.05). The data of bacterial community distribution at the genus level of all samples were treated uniformly to obtain the top 10 bacterial genera in terms of relative abundance at the bacterial genus level in both seasons to explore further the dynamic changes in bacterial community structure (Figure 7c). The bacterial community structure in winter and summer was significantly different at the genus level. Studies have shown that seasonal variations and cultivation of different plants have a great impact on changes in the bacterial community structure of CWs and are particularly evident at the genus level [48,49], consistent with the results of the present study.



Sphingomonas is a Gram-negative bacterium that belongs to the Alphaproteobacteria class (phylum Proteobacteria). It has a considerable tolerance to various pollutants, toxins, and heavy metals [50]. The abundance of Sphingomonas in each group of CWs substantially increased over time. It had the highest abundance in the CW planted with A. calamus. The content of β-HCH in the rhizosphere substrate of group C was the lowest. Thus, Sphingomonas was probably the key genus in degrading β-HCH. Balázs et al. [38] found that Sphingomonas and Streptomyces had notable responses in soils after receiving lindane pollution. Some Sphingomonas isolated from soil were proven to have good degradation ability toward HCH isomers [8]. Xu et al. [51] demonstrated that Sphingomonas can be used as an indicator organism for HCH-contaminated soils to indicate the residue amounts of HCHs, and it can reflect the historical usage of HCHs in contaminated sites, especially β-HCH. Moreover, the clustering heatmap at the genus level (Figure S2) was more intuitive in realizing species clustering in the samples. In both seasons, differences at the genus level were more obvious. Furthermore, differences among the groups in the same season were evident at this level. In winter, the abundance of Anaeromyxobacter in the CWs continued to increase as the system operated longer. In summer, Defluviicoccus had the same trend in the CWs. However, no study has reported yet if they have the ability to degrade organochlorine pesticides. Nevertheless, this result was worth noting.






4. Conclusions


The average removal rate of β-HCH in the water of each group of CWs in both seasons was 90.86–98.17%. Furthermore, on average, the removal rate in summer was higher than that in winter, but there was no significant difference (P > 0.05). The plants promoted the removal of β-HCH in the CWs. Compared with the CWs without plants, the concentration of β-HCH in water in the CWs with plants decreased significantly in winter (P < 0.01) and summer (P < 0.05). Among the CWs with plants, the plants could absorb 1.98–3.92 μg/kg β-HCH in winter and 2.5–4.91 μg/kg in summer. C. indica had the largest contribution to the uptake of β-HCH. The concentration of β-HCH in the substrate of the CWs planted with A. calamus was the lowest in both seasons. The presence of plants also decreased the β-HCH content in the CWs’ matrix by 5.13 μg/kg than that when no plants were planted. The plants made the bacterial community in the CWs more abundant. With regard to the composition of bacterial community at the phylum level, the CWs in both seasons were relatively similar and mainly contained Proteobacteria, Chloroflexi, Acidobacteria, Rokubacteria, Actinobacteria, and Firmicutes. The difference at the genus level between winter and summer was notable. Numerous species were identified at the genus level. The top 10 bacterial genera accounted for only 13.96–13.98% of all bacterial genera in both seasons. Actinomycete, Sphingomonas, and Streptomyces had better resistance to β-HCH than the other genera, and their abundance substantially increased as the experiment progressed in summer. On the basis of the phenomenon that the β-HCH in the CWs was more easily degraded in summer than in winter, Actinomycete, Sphingomonas, and Streptomyces may play a notable role in β-HCH removal.
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Figure 1. Simulation device of the vertical-flow constructed wetland. 
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Figure 2. Concentration of β-HCH in the water of different phytoconstructed wetlands in winter (a) and summer (b) with time trends. K refers to no plant in the constructed wetland, C refers to planted with Acorus calamus, M refers to planted with Canna indica, Z refers to planted with Thalia dealbata, and S refers to planted with Pontederia cordata. 
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Figure 3. Concentrations of β-HCH that accumulated in the different plant species with time trends in winter (a) and summer (b). 
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Figure 4. Amounts of β-HCH that accumulated in the rhizosphere substrate in winter (a) and summer (b) and in the non-rhizosphere substrate in winter (c) and summer (d) with time trends. 
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Figure 5. Principal component analysis of bacteria in the CWs of different plants in winter (left) and summer (right). The values in parentheses of the x- and y-axes show the percentages of the community variation explained. R1 refers to no plant, R2 refers to Acorus calamus, R3 refers to Canna indica, R4 refers to Thalia dealbata, and R5 refers to Pontederia cordata. 
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Figure 6. Relative abundance of bacterial phyla in different plant groups in winter (a). Relative abundance of bacterial phyla in different plant groups in summer (b). Difference in relative abundance of bacterial phyla between winter and summer (c). 
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Figure 7. Relative abundance of bacterial genera in different plant groups in winter (a). Relative abundance of bacterial genera in different plant groups in summer (b). Differences in the relative abundance of bacterial genera in winter and summer (c). 
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Table 1. Bacterial diversity index analysis results of constructed wetlands in winter and summer.
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	Sample Name
	OTU
	Shannon
	Chao1
	Ace
	Goods Coverage





	Winter 1
	3143
	9.151
	3534
	3577
	0.986



	Winter 15
	3114
	9.319
	3830
	3632
	0.985



	Winter 35
	3088
	8.913
	3447
	3500
	0.987



	Winter 60
	3173
	9.240
	3545
	3584
	0.987



	Summer 1
	3039
	8.802
	3516
	3636
	0.981



	Summer 15
	3255
	9.297
	3899
	4006
	0.978



	Summer 35
	3453
	9.721
	4242
	4332
	0.975



	Summer 60
	3343
	9.547
	4429
	4347
	0.975
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Table 2. Analysis results of plant species and bacterial diversity index of constructed wetland.
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	Sample Name
	OTU
	Shannon
	Chao1
	Ace
	Goods Coverage





	K
	3145
	9.199
	3984
	3793
	0.982



	C
	3293
	9.514
	4480
	4048
	0.980



	M
	3301
	9.790
	4023
	3933
	0.981



	Z
	3284
	9.356
	4025
	3929
	0.981



	S
	3097
	9.143
	3954
	3781
	0.981
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