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Abstract

:

Constructed wetlands (CWs), including floating treatment wetlands (FTWs), possess great potential for treating excessive nutrients in surface waters, where, however, the ubiquitous presence of antibiotics, e.g., enrofloxacin (ENR), is threatening the performance of CWs. In developing a more efficient and resilient system, we explored the responses of the FTW to ENR, using tank 1, repeatedly exposed to ENR, and tank 2 as control. Plant growth and nutrient uptake were remarkably enhanced in tank 1, and similar phosphorus removal rates (86~89% of the total added P) were obtained for both tanks over the experimental period. Contrarily, ENR apparently inhibited N removal by tank 1 (35.1%), compared to 40.4% for tank 2. As ENR rapidly decreased by an average of 71.6% within a week after each addition, tank 1 took only 4 weeks to adapt and return to a similar state compared to that of tank 2. This might be because of the recovery of microbial communities, particularly denitrifying and antibiotic-resistance genes containing bacteria, such as Actinobacteria, Patescibacteria, Acidovorax and Pseudomonas. After three ENR exposures over six weeks, no significant differences in the nutrient removal and microbial communities were found between both tanks, suggesting the great resilience of the FTW to ENR.
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1. Introduction


Eutrophication is characterized by the uncontrollable growth of phytoplankton and plants in aquatic environments due to excessive nutrients, particularly phosphorus (P) and nitrogen (N). The presence of excessive nutrients is caused by anthropogenic activities, including agriculture, industry and sewage disposal [1], as well as the inadequate treatment of wastewater [2]. Eutrophication further leads to the depletion of aquatic wildlife and deterioration of water quality across the world [3].



Among all the treatment approaches, constructed wetlands (CWs) have the lowest construction and operation costs for contaminant removal [4,5]. In addition to the uptake by plants in CWs, N is mainly removed through microbially-mediated nitrification and denitrification processes, while P is mainly removed through adsorption to substrates [6], as well as microbial transformation and chemical precipitation [7,8,9]. As an innovative variant of CWs, floating treatment wetlands (FTWs) have also been widely utilized for their better performance, greater flexibility in applications and even lower costs [10,11,12]. With roots as the filter substrate, rhizospheric microorganisms play a crucial role in the removal of contaminants by the FTW [13,14]. However, microbial activity, composition and diversity in terrestrial and aquatic environments have been seriously affected in the presence of antibiotics [15,16] usually used by humans in clinical therapy to annihilate or prevent the growth of bacteria or as prophylaxes and growth promotors in animal husbandry [17]. Approximately 30–90% of antibiotics are reportedly unmetabolized and released into the environment through urine and feces as either the original compound or its metabolite [18,19,20], ending up in the aquatic environment receiving the untreated wastewater or agricultural runoff [20,21].



In treating the contaminated water, therefore, the presence of antibiotics is threatening the performance of CWs, particularly through changes in the microbial activities and compositions in the CW [22,23]. Although numerous studies have been conducted regarding the removal of antibiotics by CWs and their influence on the nutrient removal capacity and microbial composition of CWs [5,18,24], few studies have focused on the recovery of CWs after exposure to antibiotics. Moreover, to the best of our knowledge, no study has been found to specifically investigate the impact of antibiotics on the microbial community in the rhizosphere of the FTW and its resilience to repeated exposures to antibiotics. Weber et al. [25] briefly mentioned the recovery time of the microbial community in a wetland mesocosm after treating antibiotic-contaminated wastewater. However, this research focused more on the acute exposure, while the antibiotic exposure was more chronic in the current study.



Therefore, the overall goal of our research is to develop a more resilient and resistant FTW system against antibiotics in the wastewater. To this end, the current study was carried out under hydroponic conditions using two FTW mesocosms planted with Iris pseudacorus and intermittently receiving synthesized water containing enrofloxacin (ENR), a fluoroquinolone (FQ) antibiotic frequently used in the livestock industry [24,26] and commonly found in different environmental matrices [27]. We hypothesized that the influence of ENR on the FTW would weaken over repeated exposures, with new microbial communities more resistant to ENR in the rhizosphere. Our objectives were to (1) explore the effects of ENR on the growth and uptake of P and N by I. pseudacorus; (2) evaluate the P and N removal efficiencies of the FTW during and after exposure to ENR; (3) determine the capacity of the FTW to remove ENR; (4) monitor the changes in the microbial community in the rhizosphere of I. pseudacorus repeatedly exposed to ENR. The results of this research will be applied to develop hypotheses for subsequent testing in pilot FTWs under field conditions.




2. Materials and Methods


2.1. Experimental Design and Setup


Two FTW mesocosms, tank 1 and tank 2 (control), were made from two HDPE cylinder tanks (965 mm height × 509 mm bottom diameter × 390 mm top diameter) with a volume of 160 L (Figure S6).



The outlet of each tank was connected to a bucket containing a submersible pump creating recirculation. The system was operated for six weeks, which were divided into 3 cycles, as each cycle consisted of 2 phases: a treatment phase (1 week) and a recovery phase (1 week). In the beginning of the treatment phase, ENR antibiotic was only added to tank 1, while synthetic water was supplied for both tanks. During the recovery phase, both tanks only received synthetic water without ENR. At the end of each phase, the synthetic water of both tanks was replaced with new synthetic water for the next phase.



The synthetic wastewater was prepared based on the nutrient levels of secondary effluents of WTPs: the concentrations of NO3-N, NH4-N and TP were set at 11, 3 and 0.5 mg/L, respectively [10]. Both mesocosms contained only media without any substrate, as I. pseudacorus, collected from the botanical garden of the Shanghai Jiao Tong University (SJTU), was grown in 1/20 Hoagland solution for 1 month for acclimation before the test. I. pseudacorus is a plant species that is usually detected in natural wetlands in tropical and subtropical regions [28]. It has also been reported to be one of the species commonly utilized in constructed wetlands [28,29]. I. pseudacorus has been referred to as a hardy plant by a previous study, saying that it remained active during winter compared to Typha orientalis. It also had a higher radical oxygen loss (ROL), contributing to a higher richness estimator for aerobic microorganisms, subsequently leading to a higher nitrogen removal [30]. Its influence on the microbial community was also demonstrated by its higher release of dissolved organic carbon (DOC) compared to Phragmites australis and Juncus effusus [29].



The mesocosm experiments were carried out in an environment-controlled greenhouse, with 19/10 °C day/night temperatures at SJTU from November to December 2020.




2.2. Sampling and Analysis


2.2.1. Water Sampling and Analysis


Water samples were collected 3 times during each phase of each cycle and filtered through 0.45 μm pore size membrane filters. The TN/TOC analyzer (Multi N/C 3100, Analytik Jena, Germany) was utilized to determine total nitrogen (TN). Ammonium (NH4+), nitrite (NO2−), nitrate (NO3−) and total phosphorus (TP) were analyzed according to the standard method [31] by using ultraviolet spectrophotometer (UV-1800, Shimadzu, Japan). The water quality was monitored in situ for the pH, dissolved oxygen (DO) and temperature before sampling, using a multiparameter water quality instrument (ProPlus, YSI, Yellow Springs, OH, USA). Water samples for ENR were measured by high-performance liquid chromatography–tandem mass spectrometry (HPLC–MS-MS), after pre-treatment by solid phase extraction (SPE). All chemicals utilized were analytical grade reagents purchased from Sigma-Aldrich (Shanghai, China).




2.2.2. Plant Tissue Sampling and Analysis


At the end of the experiment, plant samples were collected and divided into shoots and roots. Approximately 1/3 of the shoots were stored at −20 °C for determination of chlorophyll content, and the rest were oven dried for 48 h at 60 °C for N and P analyses using inductively coupled plasma emission spectrometer (iCAP7600, Waltham, MA, USA). The chlorophyll content in the fresh shoots was analyzed according to Gogoi et al. [32] (see Supplementary Materials SI 2.2.2.1).




2.2.3. Microbial Sampling and Analysis


Roots were sampled in triplicate from tank 1 and tank 2 at the beginning and end of the experiment. The microbial biofilms were washed from the samples and stored at −80 °C before being sent to Majorbio Bio Pharm Technology Co. Ltd. (Shanghai, China) for microbial analysis (see Supplementary Materials SI 2.2.3.1). The free online platform of Majorbio I-Sanger Cloud Platform (www.i-sanger.com, accessed on 29 January 2021) was utilized for the analysis of the microbial data, including the Analysis of Similarity (ANOSIM).





2.3. Statistical Analysis


The removal efficiencies and microbial data in the current study were presented as mean ± standard error (SE). The microbial data were analyzed by one-way analysis of variance (ANOVA) at a 95% confidence interval (a = 0.05), followed by Tukey’s multiple comparison test using SPSS Statistics 17.0 (IBM, New York, NY, USA). The results were considered statistically significant at p < 0.05. The Greengenes reference database (http://greengenes.secondgenome.com/, accessed on 29 January 2021) was used to classify taxonomic sequences down to the phylum and genus levels at an 80% confidence threshold, and was conducted by the vegan package of R. In addition, the alpha–beta diversity and richness of total bacterial 16S rRNA in the rhizosphere of both mesocosms were analyzed, such as Chao1, Shannon, Simpson, Student’s t-test bar plot, one-way ANOVA bar plot, principal coordinate analysis (PCoA) and redundancy analysis (RDA).





3. Results


3.1. Effects of Enrofloxacin on Iris Pseudacorus


Although P and N are considered pollutants in this research, they are the macro-nutrients required for the growth of wetland plants. Therefore, we monitored the N and P concentrations and dry weight of plant tissues in each mesocosm to evaluate the impacts of ENR on the nutrient uptake by wetland plants.



The results suggest the greater TP was observed in plant tissues, particularly roots, of tank 1 than tank 2: the TP in the roots of tank 1 (6.76 mg/g) was nearly twice as much as that of tank 2 (3.46 mg/g), while a slightly greater value was observed in the shoots of tank 1 (2.77 mg/g) than that for tank 2 (2.59 mg/g) (Figure 1a). Similarly, for TN, a substantially greater value of 46.06 mg/g was also obtained for the roots of tank 1, compared to only 34.07 mg/g for tank 2 (Figure 1b). However, the shoots of tank 1 showed a slightly lower value of 21.74 mg/g than that of tank 2 (24.08 mg/g). At the end of the experiment, tank 1 had a substantially higher dry weight of both shoots and roots than tank 2 (Figure 1c).



It was observed that the chlorophyll levels were affected as there were relatively higher concentrations of chlorophyll a and b in the shoots of the ENR-exposed plant of tank 1 (1.51 and 0.59 mg/g, respectively), compared to 1.37 and 0.54 mg/g, respectively, for tank 2 (Figure 1d), which is also considered to be evidence of the stress caused by ENR.




3.2. Effects of Enrofloxacin on Nutrient Removal


To investigate the effects of antibiotics on the nutrient removal efficiency of the FTW system, comparisons were made for nutrient levels between ENR-treated tank 1 and ENR-free tank 2 during the three cycles.



As shown in Figure 2a, TP was consistently lower in tank 1 than tank 2, particularly during the recovery phase of each cycle, over the whole experimental period. Consequently, greater average removal rates of TP (89.47 ± 3.95%) were obtained for tank 1, compared to 86.20 ± 3.94% for tank 2 (Figure 2b); however, both tank 1 and tank 2 reached the maximum values of 97.60 and 92.40%, respectively, at the end of the experiment.



In contrast to the trend observed for TP, Figure 2c shows TN concentrations tended to be lower in tank 2 than tank 1, particularly during the treatment phase of each cycle, over the six-week period, while average TN removal efficiencies were 35.11 ± 6.63 and 40.38 ± 8.54% for tank 1 and tank 2, respectively, for each phase. Noteworthy is the increase in TN removal efficiency for tank 1 (65.79%) and tank 2 (81.14%) during the second week, which was not observed for TP (Figure 2d).



As ENR was seemingly more influential on the removal of N than P, we further investigated changes in ammonium (NH4+), nitrite (NO2−) and nitrate (NO3−) concentrations over the experimental period to evaluate the effects of ENR on N cycling in the FTW (Figure 3). Figure 3b shows both tanks acted similarly, with or without ENR, to efficiently remove NH4+, by up to 100% during the sixth week. Although NO3- was not removed as fast by both tanks as NH4+, greater rates were generally obtained for tank 2 (47.61 ± 10.20%) than tank 1 (33.82 ± 7.68%) (Figure 3d). Even though both tanks achieved similar NH4+ removal rates, tank 1 appeared to have much lower NO2− levels (Figure 3e). Noteworthy is the lower concentration or greater removal rates for NO3− in tank 1 during the second week, which did not occur for NH4+ and NO2−. Finally, by combining the data of total dry biomass and tissue N concentrations of the plants in each tank, a considerably greater total N content in plant tissues was obtained for tank 1 (7254.9 mg) than that for tank 2 (4068.6 mg) (Table S2).




3.3. Removal of Enrofloxacin


In addition to being affected by ENR, we further evaluated tank 1, as an FTW system, for its capacity to remove or degrade ENR supplied at 100 µg/L during the treatment phase of each of three cycles.



The ENR concentration exhibited a similar profile in each cycle: the value rapidly decreased by up to 45% within 24 h, followed by a relatively slow decline in the next five days (Figure S2). The average removal of ENR was 71.58 ± 2.54%, with the maximum value of 77. 81% obtained in the first cycle, compared to approximately 68% for the next two cycles.




3.4. Microbial Community Richness, Diversity and Composition


As bacteria are a critical indicator of the impact of ENR on the performance and the resilience of the FTW after exposure, an evaluation was conducted in terms of the richness, diversity and community compositions in the current study.



Serving as a filter substrate, the roots of each tank were sampled at the beginning and end of the experiment to investigate the microbial diversity and community composition in both tanks via high-throughput sequencing analyses. Table S4 demonstrates the operational taxonomic unit (OTU) numbers, Coverage, Simpson, Chao1, Ace, Shannon and Simpson indices of the root samples, while the minimal coverage was 0.99, indicating the experimental results were credible. All the OTU numbers and indices followed the same pattern: almost all the initial values of tank 1 were significantly greater (p < 0.001) than those of tank 2, although both of them had been grown under the same conditions for more than one month before the test. However, all the values of tank 1 substantially or significantly (p < 0.01) decreased over six weeks, while slight increases in the values were observed for tank 2. At the end of the experiment, no significant differences in the OTU numbers and indices were found between two tanks.



To see if functional bacteria in the rhizosphere were impacted by ENR, the microbial community compositions of root samples were analyzed at the phylum and genus levels (Figure 4). In Figure 4a, the Circos diagram illustrates the proportions and distributions of the top 10 dominant phyla in the root samples, among which Proteobacteria was most dominant, followed by Actinobacteria and Patescibacteria. Our results show the relative abundance of Proteobacteria significantly (p < 0.01) (Figure S3) decreased from 62.6 to 23.9% for tank 1 (Figure S4) over six weeks, compared to only a gentle drop from 76.4 to 51.8% for tank 2 (Figure S4). Contrary to Proteobacteria, the proportions of Actinobacteria significantly (p < 0.05) (Figure S3) increased from 25.4 to 55.4% for tank 1 (Figure S4) during the experiment, as a profound increase from 18.0 to 29.8% was found for tank 2 (Figure S4). Similar to Actinobacteria, Patescibacteria that initially comprised a neglectable proportion of <0.3% for both tanks (Figure S4) became the third dominant phylum after six weeks, accounting for 13.2 and 5.6% for tanks 1 and 2 (Figure S4), respectively.



The microbial analysis at the genus level (Figure 4b) shows Enterobacter, from the phylum Proteobacteria, and Microbacterium, from the phylum Actinobacteria, were the two most abundant genera for both tanks before testing, accounting for a major proportion of 39–63%. However, Paenarthrobacter, within the phylum Actinobacteria, initially comprised only a minor proportion (<2%) for both tanks but increased significantly (p < 0.001) in tank 1 (45.5%) and in tank 2 (22.3%), with p < 0.01 at the end of experiment (Figure S3). Similarly, TM7A, belonging to the phylum Patescibacteria, and Pseudomonas, in the phylum Proteobacteria, became relatively dominant over six weeks for tank 1 (12.9%) and tank 2 (22.5%), respectively.



To understand bacterial evolution over the experimental period, two PCoA analyses based on Bray–Curtis distance were conducted at the genus level (Figure 5). The PCoA (Figure 5a) and the one-way ANOVA bar plot (Figure S5) were performed for the initial and final samples of both tanks.



The PCoA for the initial and final samples from both tanks clearly shows the bacterial assemblage of the initial samples from both tanks could be grouped together, while the final samples could be divided into two groups (Figure 5a). The second PCoA carried out for the final samples shows a difference in the assemblage, though not significant, between tanks 1 and 2 (Figure 5b).



In order to better understand the relationship between the microbial community in the root samples and the environmental variables, such as DO, pH and temperature, a redundancy (RDA) analysis was executed (Figure 5c) as the magnitude of each environmental variable was represented by the length of the arrow [33]. The results show none of the variables had an outstanding impact on the microbial community when compared with one another. Based on the angles of the arrows, the correlation between the genera and the environmental factors was derived [33], showing temperature and pH had a positive correlation with the initial samples of tank 2, while DO was positively related to the final samples of tank 1.




3.5. Relative Abundance (%) of Significant Functional Groups Associated with N and P Removal


The relative abundances of the functional groups related to N removal were calculated (Table S5) and expressed in a heatmap after normalization according to z-scores (Figure 6a). Among all the detected genera in the root samples from both tanks, only two genera were linked to nitrification: Ellin6067 was related to the AOB (ammonia oxidizing bacteria), oxidizing ammonium into nitrite [34,35], while Nitrospira was associated with the NOB (nitrite oxidizing bacteria), responsible for the conversion of nitrite to nitrate [36,37]. The relative abundances of two nitrifying genera were less than 0.01% (Table S5) in the samples, collected either before or after the test, for both tanks.



The relative abundance of denitrification-related genera decreased from 19.0% in the beginning to 9.9% at the end of the test for tank 1, compared to a substantial increase from 8.3 to 28.7% for tank 2 (Table S5). Among all the denitrifying genera, Acidovorax were most dominant in the initial samples of both tanks and remained relatively abundant in tank 1 in the end. However, the most abundant genus in both tank 1 (5.0%) and, particularly, tank 2 (22.9%) at the end of the test was Pseudomonas (Table S5).



In addition to bacteria related to N removal, Pseudomonas was also found to be the most abundant genus for both tanks along with the other four genera related to phosphorous removal as presented in Table S6 and Figure 6b. Among the other genera, the least abundant was Acinetobacter that was only present in the initial samples of tank 1. The other genera were Candidatus Accumulibacter, Microlunatus and Dechloromonas.





4. Discussion


4.1. Plant Growth and Photosynthetic Pigment


As previously mentioned, ENR apparently affected the metabolism of I. pseudacorus. Previous studies claimed that antibiotics could either have a stimulating effect on plants at low concentrations or an inhibiting impact at high levels, known as the biphasic effect [38]. However, this would depend on the type of antibiotic or plant [39]. Batchelder [40] suggested wheat and corn absorbed more nutrients upon exposure to chlortetracycline or oxytetracycline, while an adverse effect was observed on the yield and nutrient uptake by pinto beans. The current study suggests ENR might have induced stress on the plant, triggering defense responses, including elevated production of reactive oxygen species (ROS) as suggested by Das and Roychoudhury [41], signaling an increase in growth, which is subsequently facilitated by increased nutrient uptake. Therefore, the greater nutrient levels and dry weight of the ENR-exposed plant tissues, particularly roots, of tank 1 could be attributed to the accumulation of ENR in tissues (not measured during the investigation), as indicated by Chowdhury et al. [42] for the ENR-exposed roots of red cabbage, and by L. Liu et al. [19] for ciprofloxacin-treated Phragmites Australis. Verhagen et al. [43] claimed certain bacteria could compete with the plant roots for the available nutrients. Therefore, the presence of ENR might have suppressed these bacteria, allowing the root to take up more nutrients for growth.



Furthermore, it has been reported that pharmaceuticals, particularly ENR, could cause phytotoxicity to plants, leading to alterations in the photosynthetic pigments of the plant [44,45], while Liu et al. [19] suggested veterinary antibiotics would affect the chlorophyl levels of Phragmites Australis. This is in accordance with our results which show an increase in chlorophyl a and b for I. pseudacorus in tank 1 treated with ENR.




4.2. N and P Elimination in the Presence of Enrofloxacin


The results of the current research are similar to those reported by Lu et al. [46] claiming TP removal rates were obviously elevated for the hydroponic systems planted with Iris pseudacorus exposed to FQ antibiotic levofloxacin at below 0.3 µg/L; however, inhibitory effects on TP removal were observed at levels above 1 µg/L, with a similar value of 86.98% obtained at the same antibiotic concentration (100 µg/L) applied in the current study. Meanwhile, compared with ENR-free tank 2, the greater TP removal from water might indicate a higher plant uptake of TP in ENR-treated tank 1, which can be confirmed by the higher TP in plant tissues and better development of roots and shoots in tank 1. As a result, TP removal could be further enhanced due to the greater root system of tank 1, providing more surface area for P adsorption as the main removal mechanism for TP [6,47]. Overall, the capacity of I. pseudacorus to remove TP from water was profoundly promoted in the presence of ENR.



The lower removal rates of N in tank 1 during the treatment phase could be due to the inhibitory effects of ENR on microbial activities that played a major role in N removal [48,49], which is verified by the comparison of microbial communities between both tanks in Section 4.4. Even though TN concentrations remained lower in tank 1, even without ENR during the recovery phase, the differences between both tanks were smaller than those during the treatment phase, suggesting the microbial communities previously impacted by ENR were recovering. However, the ENR impact on tank 1 apparently wore off over three cycles, leading to the similar removal rate to that of tank 2 at the end of the experiment, even though the medium was renewed with fresh ENR for tank 1 at the beginning of each cycle. The results suggest it might take 4 weeks for an FTW to adapt to ENR, after which the N removal performance of the system could quickly recover in a week once ENR has been removed, reflecting the great resilience of the microbial communities as suggested in our hypothesis. This result is similar to that of Weber et al. [25] claiming the microbial community in the wetland system exposed to ciprofloxacin could recover after a 2–5 week period after the 5-day exposure. It is noteworthy that the experiment conducted by Weber et al. [25] can be viewed as an acute exposure, while in the current experiment the exposure was more chronic. Moreover, the above-mentioned study investigated a constructed wetland containing substrates at temperatures of approximately 24–28 °C. Meanwhile, the TN removal rates obtained in the current study were lower than the 54.24% reported by Zheng et al. [50] using a different antibiotic, i.e., sulfamethoxazole, possibly because the current investigation was carried out at lower temperatures, averaging approximately 18 °C during weeks 1–3 and 12 °C during weeks 4–6 (Figure S1) [51]. Nevertheless, relatively higher temperatures (up to 25 °C) during the second week seemed to boost microbial activities, leading to an obvious increase in TN removal efficiency. However, the TP removal efficiency did not increase correspondingly, suggesting phosphorous removal was more dependent on adsorption, while N was removed mainly through a microbially-meditated process in the FTW that was subject to temperature variations.



Since the media provided for both tanks did not contain NO2− initially, its presence could be due to either the oxidation of NH4+ or the reduction in NO3−. NO2− has been considered less usable by organisms and relatively unstable in the environment as it could be rapidly further oxidized into NO3−, a form preferred by plants [52]. Both processes performed by nitrifying bacteria are known as nitrification, as denitrification is a microbially facilitated process where NO3− is reduced to nitrogen gas or nitrous oxide under anaerobic conditions. As ENR is meant to destroy or slow down the growth of bacteria, the nitrification and denitrification processes were highly likely to be hindered in tank 1 [49]. In this regard, the oxidation of ammonium to nitrite could have been impeded, leading to higher NH4+ levels in ENR-treated tank 1. Surprisingly, both tanks showed similar NH4+ removal rates, possibly because the greater uptake of NH4+ by the plant occurred in tank 1, while more NH4+ of tank 2 was converted to nitrite, leading to a remarkable increase in NO2− in tank 2 compared to much lower NO2− levels in tank 1. Similarly, the oxidation of nitrite to nitrate could have been inhibited by ENR in tank 1 as well, while the process continued to proceed smoothly in tank 2, with more of NO2− converted to NO3−. However, contrary to expectation, NO3− concentrations of tank 2 were lower than those of tank 1, possibly due to a net N loss through denitrification as suggested by previous research [53]. Moreover, during the second week, lower concentrations or greater removal rates of NO3− obtained in tank 1 might be due to the increased microbial activities at higher temperatures; however, no such corresponding changes were observed for NH4+ and NO2−, indicating ENR had a greater impact on nitrifying bacteria, or denitrifying bacteria were more resilient after ENR exposure. Nonetheless, all the impacted microbial processes seemed to be restored in tank 1 during the sixth week, possibly because of the recovery or adaption of microbial communities after ENR exposure, resulting in the similar ammonium, nitrite and nitrate concentrations for both tanks towards the end of the experiment.



The findings of the combined data of the total dry biomass and the tissue N concentrations suggests I. pseudacorus might have played a relatively bigger role than microbes in N removal for ENR-treated tank 1, while the greater total N loss from the medium of tank 2 might be due to plant uptake as well as intact microbial activities, particularly associated with denitrification under low oxygen conditions (Table S3).




4.3. Enrofloxacin Degradation


An ENR concentration of 100 μg/L was applied for each treatment phase for the previous research, considered to be the most suitable value used for the assessment of CWs [24,54] and the highest concentration found in effluents of wastewaters [24,26]. Moreover, Berglund et al. [22] suggested antibiotic concentrations at these levels of μg/L would be environmentally relevant concentrations, which would elucidate and accurately assess the risks of environmental contamination by means of antibiotics. In the environment, antibiotics degrade through diverse processes including evaporation, biodegradation and sorption [55]. Meanwhile, there is an optimal hydrophobicity value for antibiotics to be taken up by plants according to Liu et al. [19]. If the compound is too either hydrophilic or lipophilic, the plant uptake might be limited, which is the case for highly lipophilic ENR.



FQ’s are regarded as being immobile in soil due to their hydrophobicity [56], while Conkle et al. [57] suggested the most efficient way to eliminate FQ’s in CW’s was through sorption to solid materials. Among all the FQ’s, ENR is considered the most lipophilic compound regarding the FQ antibiotics with a carbon-normalized sorption coefficient (Koc) of 15,800 L kg−1 [56]. As the plant uptake of antibiotics depends on their hydrophobicity values, the absorption of the compound, either hydrophilic or lipophilic, by plants will be restricted [19], suggesting the role played by plants in ENR removal could be neglected. Therefore, Carvalho et al. [54] claimed adsorption was the major mechanism for ENR removal, as various substrate types had been applied by earlier researchers to reduce ENR by more than 85% [24,26,54]. Although the removal rates obtained in the current study are relatively lower than those of some of the above-mentioned studies, this could be due to the root system of the FTW that functioned as a filter substrate for ENR sorption being not well developed and covering less than half (about 0.038 m3) of tank 1.



As well as plants, bacteria, such as Proteobacteria and Bacteroidetes, have been found to biodegrade ENR [58], which might have also contributed to ENR removal. As microbial activities are subject to temperature changes [59], the higher temperature (19.80 °C) might have contributed to greater ENR removal rates during the first cycle, with lower rates obtained for the following cycles at temperatures of 12–15 °C.




4.4. Effect of Enrofloxacin on Microbial Communities


The results suggest the decreased richness and diversity of tank 1 might be due to limited microbial activities by ENR in the rhizosphere, while microbes continued to expand and diversify in ENR-free tank 2 over six weeks. Because non-invasive sampling was performed during the experiment, the instant impact after ENR addition could only be verified based on the decrease in microbially-mediated N removal by tank 1. However, the similar richness and diversity estimators observed for both tanks at the end of the experiment suggest that the microbial communities of tank 1 took about 4 weeks to adapt to ENR. This reclamation is based on the resumption of the N cycling, which could be verified by the similar removal rates of both tanks obtained during the final (sixth) week.



The resilience of tank 1 after ENR exposure might be partly attributed to plants that could emit a broad range of organic exudates, such as enzymes, amino acids and organic acids for microorganisms in the rhizosphere, as observed in previous CW studies [36,60,61]. Tong et al. [5] and Fernandes et al. [26] reported no significant changes in microbial communities in the planted system 12 weeks after antibiotic exposure, compared to obvious changes in bacterial richness and diversity in the unplanted system, indicating a crucial role played by plants in the recovery of the antibiotic-exposed treatment system. Since the FTW tested in the current study is considered a typical rhizosphere treatment system using plant roots as a filter substrate, our results suggest rhizospheric bacteria and plant roots working together might offer a greater potential than other systems to buffer the impact of ENR or even other antibiotics.



Similarly to the current research, Proteobacteria has been reportedly dominant in CWs in previous studies [33,60], mainly composed of organisms able to perform heterotrophic denitrification [62]. The decrease in Proteobacteria corresponds to the fate of rhizospheric Proteobacteria in the presence of FQ and other unknown antibiotics as described by previous reports [13,23,63]. The decreased abundance of Proteobacteria indicates denitrification had been profoundly prohibited in tank 1 over the experimental period, during which time the process might continue normally in tank 2 as discussed in Section 4.2. Actinobacteria, the second most dominant phylum, was also one of the dominating phyla reported by previous studies [24,33]. Its increase in the presence of antibiotics has also been recorded by Santos et al. [24] for a CW exposed to ENR, and by Lu et al. [46] for a hydroponic system planted with levofloxacin-treated Iris pseudacorus. The phenomenon might be because Actinobacteria carry antibiotic resistance genes (ARGs) to develop major defense mechanisms through b-lactamase, MFS transporter, methyltransferase, acetyltransferase, ABC transport, etc. [5,64]. Thus, ENR might have suppressed most of the bacteria in tank 1, except for Actinobacteria that might have grown better with less competition. Moreover, Patescibacteria as a potential carrier of ARGs that have been reportedly found in the activated sludge [34,65], might have also taken advantage of the inhibiting effect of ENR on other bacteria during the experiment.



The first PCoA suggests that the microbial communities of both tanks were initially similar but differed from each other over the experimental period, while the second PCoA showed consistency with the richness and diversity indices for both tanks at the end of the experiment. The results above confirm that ENR did have an effect on the bacterial communities in tank 1. However, these bacterial communities displayed resilience by returning to a similar state to that of tank 2 (control) after ENR exposure.



Finally, the RDA analysis suggests that the changes in the microbial communities during the experiment were mainly due to the impact of ENR rather than a specific environmental factor in tank 1 or tank 2. It also proposes that the differences in OUT and diversity estimators between the initial sample of both tanks, as mentioned above, might be caused by the influence of the temperature and pH on the microbial community structure in the initial samples of tank 2. While the recovery of the microbial community in tank 1 might have been more dependent on the DO levels.



The low relative abundance of nitrifying bacteria present could possibly be due to low DO levels frequently found in the mesocosms, suggesting nitrification might play a relatively small role in N cycling or removal in the FTW. However, the genera related to denitrification was well represented, confirming the reducing conditions, and, due to low DO levels, were prevailing in both tanks during the experiment. Hence, the finding indicates the denitrification process was obviously suppressed in tank 1 in the presence of ENR, but improved in tank 2 over the experimental period, which supports the claim that the lower nitrate levels in tank 2 were likely due to greater denitrification rates instead of plant uptake. However, the abundances of those genera in tank 1 in the end were similar to the initial values for tank 2, indicating denitrification still remained at baseline levels six weeks after ENR exposure, indicating the resilience of tank 1.



The dominance of Acidovorax might be due to its ARGs as suggested by Feng et al. [66] who found that Acidovorax was one of the dominant genera in a denitrification reactor under oxytetracycline stress, while Pseudomonas might be dominant because it not only contains ARGs [67], but also belongs to the phylum Proteobacteria that can reportedly degrade ENR as mentioned in Section 4.2 [58]. Moreover, Rezakhani et al. [68] reported that Pseudomonas played a prominent role in the enhancement of plant uptake of phosphorous; however, the phosphorous content and concentration in the plant was lower in tank 2 than tank 1 (Table S2), even though Pseudomonas was most abundant in tank 2 during the experiment, suggesting the major role of the plant was to provide a root system for phosphorous adsorption instead of absorption, while Acinetobacter is known for simultaneously removing N and P by utilization of nitrate as an electron acceptor [69]. Candidatus Accumulibacter and Microlunatus that remove P through accumulation were apparently not affected by ENR [70,71,72,73], while Dechloromonas, a polyphosphate-accumulating organism (PAO), was absent from the ENR-treated tank 1 [74].



However, since the relative abundance of the latter four genera was low, their impact on P removal might be negligible.





5. Conclusions


Given the ubiquitous presence of antibiotics in surface waters, the present study examined the impact of repeated exposures to ENR on the performance of an FTW system in nutrient removal. The results show phosphorous removal was not affected by ENR, possibly because it was mainly through adsorption to the plant roots of the system. However, ENR apparently inhibited N removal, mostly through changes in functional bacteria related to nitrification and, particularly, denitrification. Even so, the system took only 4 weeks to adapt and return to a nearly normal state, possibly due to the recovery of microbial communities, particularly denitrifying bacteria that contained ARGs. In addition, the microbial resilience might have been facilitated by the root excretion of the plant, whose growth and nutrient uptake were profoundly enhanced at exposure to ENR. Further investigation should be carried out to verify the capacity of plants to buffer or even remove antibiotics. Meanwhile, the system should be further tested with more complex wastewater containing multiple antibiotics to determine key factors that can improve the performance and resilience. Overall, the study provides a critical insight into the response and resilience of the FTW system to ENR. On a large scale, the system might need to be operated intermittently when treating antibiotics-containing wastewater, to allow the regeneration of the microbial community and, subsequently, prevent deterioration of the system to ensure high quality effluents.
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Figure 1. Uptake of P (a) and N (b) by the shoots and roots; the dry weight (c) and chlorophyll content (d) of the plants in tank 1 treated with ENR and tank 2. 
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Figure 2. Nutrient concentrations during the experimental period: TP (a), TN (c); removal efficiencies: TP (b) and TN (d). Treatment phase: ENR was added in the beginning to only tank 1. Recovery phase: neither tank 1 nor 2 received ENR. 
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Figure 3. Nutrient concentration during the experimental period: NH4+ (a), NO3− (c), NO2− (e) removal efficiencies: NH4+ (b) and NO3− (d). Treatment phase: ENR was added in the beginning to only tank 1. Recovery phase: neither tank 1 nor 2 received ENR. 
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Figure 4. Bacterial Community Composition Analysis: Circos diagram on phylum level (a) and Community barplot at genus level (b). 
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Figure 5. Analysis of initial and final samples of both tanks (genus level): PCoA analysis (a); analysis of the final samples (genus level): PCoA analysis (b); RDA analysis on OTU level (c). 
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Figure 6. Heatmap showing the abundance of the functional genera related to N (a) and P (b) removal. Heatmap is color-coded based on row z-scores. 
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