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Abstract

:

This work aimed to evaluate the potential of constructed wetlands (CWs) for removal of antibiotics (enrofloxacin and oxytetracycline) and antibiotic resistant bacteria from saline aquaculture wastewaters. Removal of other contaminants (nutrients, organic matter and metals) and toxicity reduction and the influence of antibiotics with these processes were evaluated. Thus, nine CWs microcosms, divided into three treatments, were assembled and used to treat wastewater (doped or not with the selected antibiotics) between October and December of 2015. Each week treated wastewater was removed and new wastewater (doped or not) was introduced in CWs. Results showed >99% of each antibiotic was removed in CWs. After three weeks of adaptation, removal percentages >95% were also obtained for total bacteria and for antibiotic resistant bacteria. Nutrients, organic matter and metal removal percentages in CWs treated wastewater were identical in the absence and in the presence of each antibiotic. Toxicity in treated wastewaters was significantly lower than in initial wastewaters, independently of antibiotics presence. Results showed CWs have a high efficiency for removing enrofloxacin or oxytetracycline as well as antibiotic resistant bacteria from saline aquaculture wastewaters. CWs can also remove other contaminants independently of drug presence, making the aquaculture wastewater possible to be reutilized and/or recirculated.






Keywords:


constructed wetlands; aquaculture wastewater; antibiotics; antibiotic resistance; Phragmites australis








1. Introduction


Aquaculture represents almost 50% of world fish production [1], being a growing industry due to its socio-economic advantages, sustainable character and the potentiality to end world hunger [1]. However, numerous bacterial diseases can spread and infect all the animals’ production, making it non-viable for market. To make aquaculture more profitable, the use of antibiotics, such as ampicillin, chloramphenicol, florfenicol, oxytetracycline, sulfonamides and tetracyclines, is becoming more frequent to fight animals diseases or to prevent them [2,3,4]. Nevertheless, 75% of the antibiotics given to fish will appear unused in the environment, through feces, because fish do not metabolize them effectively [4,5].



Pharmaceuticals are designed to have low biodegradability and to be water-soluble so, without proper removal, they end up in natural waters [6]. Although found at low concentrations, antibiotics remain in the aquatic environment for years causing serious toxic effects [7] and promoting the development of antibiotic resistant bacteria and genes due to selective pressure [2,8]. This can reduce the therapeutic potential against human [9] and animal pathogens [8] and can change the bacterial flora in both sediments and water column [2].



There is a strict policy for aquaculture wastewaters imposing a financial fine for each amount of pollutant released into the environment, including in Portugal legislation (e.g., [10,11]). In response, conventional wastewater treatment plants (WWTP) were developed to remove organic matter, inorganic nutrients and suspended solids from aquaculture effluents. However, WWTP are not efficient in removing pharmaceutical compounds such as antimicrobial agents from wastewater effluents [8]. When in high concentrations, antibiotics can even change the microbial community of the WWTP and therefore disturb the biological wastewater treatment systems [12].



Constructed Wetlands (CWs) are seen as a potential sustainable solution for antibiotic removal from different types of effluents. These green systems are based on the interactions among soil/sediment, plants and microorganisms [13], with several physical, chemical and biological processes occurring simultaneously, such as adsorption, photolysis, volatilization, plant uptake and accumulation, plant exudation and microbial degradation [7,14,15]. The use of higher plants in CWs is essential because plants assure the substrate’s hydraulic conductivity, contribute to the uptake of nutrients and promote microbial assemblages within their roots [16]. Although CWs are easy to maintain and operate, have low cost and produce high quality effluent with less energy dissipation [13,14], there is still lack of understanding regarding removal mechanisms, toxicity risks, design impacts, and influence of environmental factors on CWs efficiency [17].



Regarding CWs removal efficiency, several parameters were already studied, such as removal of nutrients (nitrites, nitrates, ammonia and phosphorous), heterotrophic, enterococci and coliforms bacteria and organic matter (assessed through chemical oxygen demand (COD) and biochemical oxygen demand (BOD)) from urban wastewaters [15,18,19] and also from marine aquaculture wastewaters [16,20,21,22,23]. Besides these parameters, the removal efficiency of pharmaceuticals by CWs from municipal wastewaters (e.g., [14,17,24,25]), livestock wastewaters [7,26] and also very recently from aquaculture farms wastewaters [27] was already reported. Still, to our knowledge, there are no studies regarding CWs’ efficiency for the simultaneous removal of antibiotics and antibiotic resistant bacteria from aquaculture wastewaters.



Major processes mediated through different types of bacteria occur in CWs, including denitrification, nitrogen fixation and ammonia oxidation [7]. Consequently, microbial communities have an important role in water quality improvement. However, in the presence of antibiotics, their role on depuration and purification as well as their functions can be disturbed [28]. Therefore, to also understand if the use of antibiotics in aquaculture can change the efficiency of CWs is of utmost importance.



The present study aimed to evaluate the potential of CWs to remove antibiotics and antibiotic resistant bacteria from aquaculture effluents. In addition, the efficiency of these systems to remove other contaminants (organic matter, nutrients and metals), as well as the possible interference of antibiotics with these removal processes, were also evaluated.



For that, CWs microcosms were assembled and used to treat a saline aquaculture effluent not doped or doped with enrofloxacin (ENR) or oxytetracycline (OXY). The antibiotics tested belong to two different families, fluoroquinolones (ENR) and tetracyclines (OXY), and are two of the pharmaceuticals more commonly used in aquaculture [29]. CWs systems were planted with Phragmites australis, a plant already known to contribute to CWs efficiency in the treatment of different wastewaters effluents [14,30], including for the removal of pharmaceuticals [25,31].




2. Materials and Methods


2.1. Sampling


In October 2015, P. australis was collected in the banks of the Lima River (NW Portugal), with no apparent senescence. Plants were removed with sediment attached to their roots, sediment cubes of ca. 20 × 20 × 20 cm3. The sediment was separated in situ and brought to the laboratory. Sand from the river basin was also collected. Posteriorly, sand and sediment were mixed in a proportion of 2:1 and homogenized to prepare the roots bed substrate for the CWs microcosms.




2.2. Microcosms Assembly and CWs Experiment


Nine CWs microcosms were assembled in plastic containers (0.4 × 0.3 × 0.3 m3) each composed by three layers: 4 cm of gravel, 2 cm of lava rock and 10 cm of roots bed substrate (Figure 1) into which plants were transplanted (each microcosms had ca. 40 individual plants, to have a significant plant root effect on the wastewater treatment). All microcosms were wrapped with aluminum foil to prevent penetration of sunlight and avoid photodegradation of the compounds. The microcosms were subject to one week of acclimatization with 1 L of nutrient solution, before the beginning of the experiment. With this solution water level was maintained just above the substrate surface, corresponding to a flooding rate of approximately 100%.



Three treatments were tested: one with aquaculture wastewater (Control), one with aquaculture wastewater doped with 100   μ  g/L of ENR and another with aquaculture wastewater doped with 100   μ  g/L of OXY. Although high, these concentrations were used because they were already found in wastewaters effluents [32], and shown not to be toxic for P. australis [13].



Every week, aquaculture wastewater was collected from a saline aquaculture facility, (which produces turbot fish in an intensive regime) and 1 L was added to each CWs microcosms (doped or not with one of the selected antibiotics). This volume was put manually on top of the substrate at once and let to percolate the system. The systems were designed to operate in a batch mode, i.e., with the initial load of water and without any running flow during the assays, having only a tap at the base for sample collection. During the week, the wastewater was daily recirculated (manually) in the microcosms to avoid anoxic conditions and deionized water added whenever necessary to compensate water losses by evaporation.



At the end of each week, all the treated wastewater was removed from the CWs systems and replaced by new wastewater (doped or not), to simulate a 7 days hydraulic retention time and a continuous input of pollutants in the CWs.



CWs microcosms were kept in greenhouse conditions, to perform the experiment under controlled conditions, being only exposed to the natural variation of sunlight (natural night:day regime) and environmental temperature. The experiment was carried out between October and December 2015.




2.3. Sample Collection


Between October and December 2015, despite the fact that every week new wastewater was added to the CWs microcosm systems, sampling of treated wastewater only occur at 4 selected weeks. Therefore, 4 samplings were carried out by collecting 1 L of one-week treated wastewater from each CWs microcosm at Week 1 (W1), Week 3 (W3), Week 6 (W6) and Week 9 (W9).



Antibiotics, bacteria (Heterothrophic, Enterobacteria and Enterococci), antibiotic resistant bacteria, toxicity, pH, salinity, COD (Chemical Oxygen Demand), BOD (Biochemical Oxygen Demand), nutrients (nitrites, nitrates, ammonium and phosphates) and metals (Cd, Cu, Fe, Mn, Ni, Pb and Zn) were quantified in the collected CWs treated wastewaters, as well as in respective non-treated wastewater.




2.4. Antibiotics Analysis


ENR and OXY were quantified using a High Performance Liquid Chromatographer (HPLC) Beckman Coulter, equipped with a diode array detector (module 128). Before analysis wastewaters were precleaned/concentrated by Solid-Phase Extraction (SPE) (with Oasis HLB cartridges (60 mg, 3 mL)) using previously optimized methodologies [33]. More details can be found in Carvalho et al. [26].




2.5. Enumeration of Cultivable Bacteria


The enumeration of total and antibiotic resistant bacteria was performed by the membrane filtration method, as described by Novo and Manaia [34]. The culture media used for enumeration of heterotrophic bacteria, enterobacteria and enterococci were, respectively, plate count agar (PCA), m-faecal coliforms (m-FC Agar Base) and m-enterococcus (Slanetz Bartley Agar + TTC). To enumerate the respective antibiotic-resistant subpopulations, the same three culture media were used supplemented with 4 mg/L of ENR or 16 mg/L of OXY. Although not using the same antibiotics, Watkinson et al. [35] used these concentrations, respectively, with ciprofloxacin (that belongs to the same antibiotic family of ENR) and tetracycline (which belongs to the same antibiotic family as OXY) and showed it was able to recover antibiotic-resistant bacteria.



Volumes of 10–100 mL of the adequate serial dilution of initial or treated wastewater were filtered through membranes that were placed onto the culture media and incubated for 24 h at 30 °C (heterotrophs) or at 37 °C (enterobacteria) and for 48 h at 37 °C (enterococci). Posteriorly, the number of colonies forming units (CFUs) was estimated from filtering membranes containing 10–80 colonies.



For each of the 9 culture media (3 without antibiotics, 3 with ENR and 3 with OXY), the percentage removal percentage was calculated by the ratio between CFU/mL in treated and in initial wastewater:


   %   R e m o v a l =  (  1 −    (  C F U / m L  )  i n   t r e a t e d   w a s t e w a t e r    (  C F U / m L  )  i n   i n i t i a l   w a s t e w a t e r    )  × 100   



(1)







For each antibiotic, the percentage of antibiotic resistance was calculated for each sample:


   %   R e s i s t a n c e =    (  C F U / m L  )  m e d i u m   w i t h   a n t i b i o t i c    (  C F U / m L  )  m e d i u m   w i t h o u t   a n t i b i o t i c   × 100   



(2)








2.6. Wastewater Characterization


To quantify the toxicity of the initial and CWs’ treated wastewaters, the Biomonitech’s Water Toxicity Test Kit (BMT100) was used. This kit is an adaptation of ToxScreen, an assay that measures the inhibitory effect of toxic compounds through the bacteria Photobacterium leiognathi luminescence [36].The toxicity of initial and treated wastewaters was determined through bacterial luminescence of samples comparing them to the test control. This test was performed to check for toxicity related with the presence of cationic metals and metalloids and with the presence of toxic organic compounds.



To evaluate the pH and salinity, of both initial and treated wastewaters, measurements were made, respectively, through potentiometry using a combined glass electrode and with a multiparametric probe.



The organic matter content was estimated through COD and BOD measurements. COD was measured using the Kits HI93754A-25 and HI93754B-25 (Hanna Instruments, Padua, Italy), LR from 0 to 150 mg/L and MR from 0 to 1500 mg/L, respectively, from Hanna Instruments Portugal. BOD was measured in a system CBO AL606, through pressure difference.



Metals (Cd, Cu, Fe, Mn, Ni, Pb and Zn) were measured as described in previous studies [37]. Samples of initial and treated wastewater were acidified before direct analysis. Metals were measured through atomic absorption spectrophotometry with flame atomization (AAS-F-PU 9200X, Philips, Eindhoven, The Netherlands), using a calibration curve obtained with aqueous standard solutions of different metal concentrations (0–3 mg/L) prepared from 1000 mg/L stock standard solutions of each metal.



Dissolved ammonium, nitrite and phosphate were analyzed following the methods described in Grasshoff et al. [38]. Nitrate was quantified by an adaptation of the spongy cadmium reduction technique [39], subtracting nitrite value from the total. All the analyses were performed in triplicate.



In addition, a comparison was made between the values of pH, COD, BOD, Fe, Mn, nitrates and ammonium analyzed in treated wastewaters with the legislated emission limit values for wastewater discharge established by the Portuguese legislation [10].




2.7. Statistical Analysis


The results were statistically tested using the commercial software STATISTICA, version 13, StatSoft, Inc. (Tulsa, OK, USA, 2015). pH, salinity and COD measurements were evaluated through ANOVA tests, a parametric one-way analysis of variance. The detection of significant differences with a 5% confidence interval was made with a multiple Tukey comparison test. For all nutrients, metals, bacteria and toxicity removals a non-parametric test comparing multiple independent samples was performed.





3. Results


3.1. Antibiotics Concentrations


Both ENR and OXY were significantly (p < 0.05) removed from the wastewater, not being detected in the CWs treated wastewaters (limits of detection of 0.5 μg/L for each antibiotic). Therefore, after the initial doping (100 μg/L) of the wastewater, the removal percentages in the CWs microcosms were higher than 99% (considering the soluble phase).




3.2. Enumeration of Cultivable Bacteria


In the initial wastewaters, the number of CFUs/mL in all culture media was highly variable along the sampling weeks (Table 1). As for the percentage of antibiotic resistant bacteria, in the initial wastewaters, considering all type of culture media, it varied between 0% and 11% for ENR and 1 and 89% for OXY, thus being the late the group with the higher resistance observed.



For treated wastewaters, percentage of resistance was not calculated because the number of CFUs/mL was <10, preventing precise calculations.



In general, the removal percentages of total and antibiotic resistant bacteria were lower and unstable during the first week of treatment in the CWs microcosms, stabilizing after the third week of the experiment to removal values above 96%, with only one exception (a removal of 88% in W3, in CNT for total heterotrophic bacteria (HT)).




3.3. Wastewater Characterization


Values of pH in the initial wastewater varied between 6.8 and 7.1 (Figure 2a). In general, an increase in pH (up to 7.3) after each week of treatment was observed, except for the first week. All measured values comply with those expressed in the Portuguese legislation for wastewater discharge (6.0–9.0) and no significant (p > 0.05) differences were observed with or without antibiotics presence.



Values of salinity in the initial wastewaters varied between 18 and 22 g/L (Figure 2a). After each week of treatment a tendency for a decrease in the salinity was observed (values between 13 and 17 g/L), being similar with or without antibiotics.



Values of COD varied between 190 and 280 mg/L in the initial wastewater. After each week of treatment, removal percentages varied between 11% and 61% (Figure 3), with no significant (p > 0.05) differences between treatments, with one only exception (for W9, OXY vs. CNT). Removal values were highly variable along time, increasing from W1 to W3, decreasing in W6 and, increasing again in W9. Most values comply with the Portuguese legislation for wastewater discharge (150 mg/L), except in W1, for ENR (175 ± 7 mg/L) and OXY (177 ± 6 mg/L), in W6 for CNT (170 ± 10 mg/L) and ENR (183 ± 59 mg/L) and in W9 for CNT (217 ± 31 mg/L) and ENR (190 ± 20 mg/L). With the exception of W9, the presence of antibiotics in the wastewater had no influence on organic matter removal.



Regarding BOD analysis, the initial wastewaters values varied between 7 mg/L and 43 mg/L. In every week, all treated wastewaters presented values below 5 mg/L, which is the detection limit of the method used. Therefore, the values of BOD in the treated wastewaters comply with the Portuguese legislation for wastewater discharge (40 mg/L).



Values of nitrite varied between 86 and 415 mg/L in initial wastewaters. Removal percentages for the first week were above 98% whereas for the remaining weeks the removal percentages were above 99% (Figure 4a). In fact, significant (p < 0.05) differences were registered between W1 and W3 at least for CNT and ENR treatments. Significant (p < 0.05) differences were observed in general among treatments, being removals slightly lower in the presence of the antibiotics, particularly OXY. There are no Portuguese legislated values for wastewater discharge for this parameter.



Nitrate values in initial wastewaters varied between 453 and 801 mg/L. Overall, the removal percentages were above 86%, throughout the different weeks, occurring slight but significant (p < 0.05) differences along time (Figure 4b). Between treatments, only in W6 a significantly (p < 0.05) higher removal for ENR and OXY treatments when comparing to CNT was observed. All values comply with the Portuguese legislation for wastewater discharge (50 mg/L), except for CNT in W6 (80 ± 2 mg/L).



Values of ammonium varied between 166 and 252 mg/L in initial wastewaters. Removal percentages for the first week were above 61%, whereas for the remaining weeks removal percentages were above 94% (Figure 4c). Significant (p < 0.05) differences were registered between W1 and W3 for CNT, ENR and OXY treatments and between W6 and W9 for the CNT treatments. Slight but significant (p < 0.05) differences were observed between treatments within each week, along time (lower removals in the presence of antibiotics). In general, values comply with the Portuguese legislation for wastewater discharge (10 mg/L), except in W1 for all treatments (CNT = 97 ± 9 mg/L; ENR = 67 ± 16 mg/L and OXY = 93 ± 47 mg/L) and in W3 for OXY treatment (12 ± 3 mg/L).



Phosphate values varied between 11 and 26 mg/L in initial wastewaters. Removal percentages were above 85% along all weeks (Figure 4d). A significant (p < 0.05) removal increase between W1 and W3 for CNT treatment was observed. For all treatments there was also a significant (p < 0.05) decrease in removal percentage between W3 and W6 followed by a significant (p < 0.05) increase in removal percentage between W6 and W9. However, there were no significant differences (p > 0.05) between treatments with only one exception (in W9, ENR vs. CNT). There are no Portuguese legislated values for wastewater discharge for phosphate only for total phosphorous (10 mg/L).



Metals (Cd, Cu, Fe, Mn, Ni, Pb and Zn) were measured in the initial wastewaters, being the values of Cd, Cu, Ni and Pb below the detection limits (0.10 mg/L for Cd, Ni, and Pb and 0.050 mg/L for Cu). Therefore, only Fe, Mn and Zn were measured in CWs treated wastewaters. For these three metals, there was great variability in removal percentage along the weeks and between the three treatments (Table 2).



Values of Fe varied between 0.318 and 0.549 mg/L in initial wastewaters. Removal percentages varied between −120% and 70%, indicating both exportation and removal of Fe occurred within the CWs systems, along time. Significant (p < 0.05) differences were registered between W1 and W3 for CNT treatments and between W6 and W9 for ENR and OXY treatments. Significant (p < 0.05) differences were observed between treatments in W9. All values complied with the Portuguese legislation for wastewater discharge (2.0 mg/L).



Mn values in initial wastewaters varied between 0.098 and 0.123 mg/L. Removal percentages for the first three sampling weeks (W1, W3 and W6) varied between −105% and 36%, also indicating that within the systems there was both exportation and removal of this metal. In W9 the values, of both initial and treated wastewaters, were below the detection limit (<0.050 mg/L) so Mn removal percentages were not estimated. There were no significant differences (p > 0.05) among treatments along time. Significant (p < 0.05) differences between treatments were only observed in W1, in ENR vs. CNT. All values complied with the Portuguese legislation for wastewater discharge (2.0 mg/L).



Values of Zn in initial wastewaters varied between 0.029 and 0.074 mg/L. In W1 Zn presence was detected in the initial wastewater (  ≈  0.029 mg/L) but in all treated wastewaters the concentration was below the detection limit (<0.025 mg/L), which indicates the systems did remove some of this metal, but the removal percentages for the first week were not possible to estimate. For the rest of the sampled weeks, the removal percentages varied between −41% and 66%. There were some significant (p < 0.05) differences among treatments along time. However, there were no significant differences (p > 0.05) among treatments within the same week, with only two exceptions (in W9, for ENR and OXY treatments when compared to the CNT).



Toxicity was evaluated in terms of percentage of inhibition of bacterial luminescence. The toxicity related with the existence of cationic metals and metalloids was determined absent in all initial wastewaters. However, toxicity related to the presence of toxic organic compounds was found and quantified throughout the weeks. All treated wastewaters presented significant lower (p < 0.05) toxicity when compared to the respective initial wastewater, throughout the sampled weeks (Figure 5). Overall, there were no significant differences (p > 0.05) between doped and non-doped wastewater in terms of toxicity, with a few exceptions, within each week. Throughout the different weeks, the CWs systems became more efficient after W1, as the percentage of inhibition of bacterial luminescence decreased to values between 44% and 64%.





4. Discussion


Constructed wetlands are an economical and well-established method to treat wastewater effluents [13]. These systems use plants and microorganisms as a biological approach for degradation and removal of contaminants [7]. In this study the capability of CWs, with P. australis, to treat saline aquaculture effluents and to remove two antibiotics (ENR and OXY) widely used in aquaculture as well as antibiotic resistance bacteria was investigated.



In the initial wastewaters, pH values varied between 6.83 and 7.09 and salinity values ranged between 18.6 and 21.4. Both parameters fit through the values measured by Webb et al. [16] for initial aquaculture effluents where the pH varied between 6.8 and 8.8 and salinity varied between 10 and 29. The biodegradable organic matter present in the effluent was very low, with BOD values below the detection limit. Along the sampling weeks, the initial wastewaters presented COD values of 190–280 mg/L, which are very low in comparison with other type of effluents usually treated in CWs such as urban wastewaters (524 mg/L) [18] or livestock wastewaters (1042 mg/L) [26]. Nitrites, nitrates, ammonium and phosphates values present in initial wastewaters varied, respectively, between 86 and 415 mg/L, 453 and 801 mg/L, 166 and 252 mg/L and 11 and 26 mg/L. These values are higher than the ones observed by Lin et al. [20] for aquaculture effluents where nitrites, nitrates, ammonium and phosphates varied, respectively, between 0.26 and 2.66 mg/L, 0.030 and 0.647 mg/L, 0.16 and 3.31 mg/L, and 2.39 and 10.45 mg/L, but lower than values observed in other type of wastewater, for instance, livestock wastewater (unpublished results). Regarding toxicity evaluation, the initial wastewaters presented percentages of inhibition of bacterial activity between 75% and 95%. Carvalho et al. [26] and Fernandes et al. [7] observed higher values for toxicity present in livestock effluents (>99%).



The pH values increased to neutral values, in the wastewater treated in the different CWs microcosm, in comparison with the initial wastewaters, along the weeks. The same was observed by Carvalho et al. [26] in CWs planted systems used to treat pig farms effluents (pH of initial wastewaters was 8.05 ± 0.05 and pH of treated wastewaters ranged between 7.3 and 7.7). On the other hand, salinity decreased in the CWs treated wastewater in comparison with initial wastewaters, during the sampled weeks. This indicates salt retention by the system, including by plants. Both phenomena may be due to a system’s adjustment in order to attain a proper equilibrium in the microcosms’ functioning, between what is degraded by the microorganisms and what is removed/exported by the plants, an adjustment in the present study, independent of the presence of antibiotics in the wastewater.



After determining the removal percentages of nutrients (nitrites, nitrates, ammonium), total of heterotrophic bacteria, enterobacteria: total, with ENR and OXY; enterococci: total and with OXY, and levels of toxicity, a substantial difference when comparing W1 with the remaining weeks was noticed. Even though the systems had a week of adaptation with a nutrient solution, previous to the beginning of the experiment, the systems probably needed between a week and two to adapt to the aquaculture effluent. Lin et al. [20] observed for a pilot-scale of CWs for nutrient removal from aquaculture wastewater, with Iponea aquatic and Paspalum vaginatum, that the systems needed a 3 months period start-up to achieve a stable performance. However, this adaptation time might depend on the system dimension and also on the plants present.



Nevertheless, despite the slightly lower removal in the first week, overall there was a high removal of ammonium, nitrate and nitrite, in general, higher than 90%. Lin et al. [20] observed that in nutrient removal from aquaculture effluents using CWs with I. aquatic and P. vaginatum the removal percentages for nitrites, nitrates and ammonium were, respectively, >99%, 82%–99% and 86%–98% and Webb et al. [16] using Salicornia europaea beds to treat saline aquaculture effluents, obtained removal percentages of 90%–100%, 91%–100% and 91%–100%, respectively, for nitrites, nitrates and ammonium. These results are in agreement with the ones observed in the present study, which proves the efficacy of CWs in nitrogen removal. The role-key processes responsible for these removals occur on a microbiologic level through mechanisms of nitrification and denitrification and on a small scale through sedimentation, filtration volatilization and plant uptake [16,40]. Moreover, macrophytes can release oxygen into the rhizosphere from their root systems, maintaining the hydraulic conductivity of the substrate [41] and thus playing an important role in maintaining the microbial communities accountable for the removal of nitrogen [42].



As for phosphates, the removal percentages were, overall, higher than 85%. These removal percentages were higher and more stable than those described by other authors working with aquaculture effluent, as Lin et al. [20] obtained removal percentages ranging between 31% and 71% and Webb et al. [16] observed phosphate removal percentages between 36 and 89%. The process of phosphate removal is normally due to soil adsorption and accretion [43] and to physicochemical mechanisms such as phosphate precipitation by the reaction of phosphate ions with metallic cations (Al, Ca, Fe and Mg) in soil filters [30,43] and, therefore, no system adaption is normally needed.



In general, antibiotic presence did not influence nutrients removal rates, indicating CWs systems were efficient even when the antibiotics were added to the saline aquaculture wastewater.



Regarding Fe, Mn and Zn there was a great variability of the estimated removal rates in wastewater doped or not with the antibiotics, along the weeks. In some cases negative percentages were observed, indicating exportation instead of removal occurred. This variability might be due to the different metal concentrations present in wastewater, plants and roots bed substrates. Exportation may be due to metal being dragged as the water is poured in the systems, occurring leaching, and to plants excreting it to the medium. However, the mechanisms responsible to remove the metals can be plant uptake, filtration, sedimentation of suspended particles, adsorption and microbial biogeochemical processes [30]. However, once again CWs system performance was independent of the presence of the antibiotics.



In the present study, there were significant antibiotics removals, higher than 99% in all cases, throughout the different weeks. The direct influence of the plants and soil adsorption was not studied, although Carvalho et al. [26] and Fernandes et al. [7] have shown that there can be removals of 94% for tetracycline and 98% for ENR from pig farm effluents followed by soil removal. Carvalho et al. [13] has shown P. australis can uptake ENR. Thus, in the present study, degradation or accumulation in plant tissues or adsorption and/or degradation in roots bed substrate may have occurred [26]. At the moment, to our knowledge, there are no studies regarding antibiotic removal mechanisms in CWs from aquaculture effluents alone.



As for bacterial removal, aside from W1, the removal percentages for all three types of bacteria (heterotrophic, coliforms and enterococci) in wastewater doped or not with the selected antibiotics was, in general, higher than 96%. Therefore, a high removal of bacteria was observed, including for antibiotic resistant bacteria. Although no previous data exists for aquaculture effluents, in experiments using CWs for treating domestic wastewaters, Kadlec and Knight [40] observed streptococcus removals of 80% and coliforms removals of 90%. Thus, CWs can be effective in disinfecting wastewater. This bactericidal effect was once concluded to be actively mediated by the direct presence of plants [18]. Removal mechanisms may be physical (filtration, adsorption and aggregation), biological (natural death, bacteriophages or consumed by protozoa) and chemical (influence of toxins from plants and other microorganisms and oxidative damage) [44].



Despite antibiotic presence, all CWs systems had significant toxicity decreases when comparing to the respective initial wastewaters. However, the percentage of inhibition in treated wastewaters, except in W1, ranged between 45% and 64%. This indicates the initial wastewaters may have had other non-identified toxic compound that the systems were not able to remove. These results are in agreement with the ones observed in Fernandes et al. [7].



Overall, the treatment of wastewaters is achieved by the cooperation between plants, root bed substrate and microorganisms. Plants help stabilize the substrate bed by maintaining its hydraulic conductivity, provide surface area and oxygenation for microbial communities’ growth and also allows physical filtration to occur [41]. The aim of these systems is to recreate different microenvironments that allow the occurrence of several removal mechanisms, including biological (microbial metabolization and plant uptake), physical (adsorption by the substrate or plants, filtration and retention) and chemical (degradation, nitrification, denitrification and oxidative damage) processes. Although plants have the ability to degrade organic chemicals in wastewater effluents, the microorganisms are the ones primarily responsible for this process [30].



This work demonstrates the efficiency of experimental CWs colonized by P. australis on the recovery of saline aquaculture effluents, in the presence of antibiotics. P. australis is an easy growing plant and since it is found in estuaries, it is accustomed to extreme conditions and hence it is widely used in CWs. This makes these systems an advantageous addition to wastewater treatment plants for aquaculture, pig farms and urban effluents, as they are economic, profitable, and efficient and can even eliminate veterinary antibiotics. However, one should consider the type of CW used because each design can have different efficiencies. In the present study a vertical subsurface flow system was simulated. Nevertheless, results from other studies using other types of systems are in accordance to the results presented here. Further studies should be developed for an extended period of time to test CWs behavior throughout a year long, on a pilot scale, as the biological processes involved in the pharmaceutical removal can be influenced by temperature and seasonality [45]. Substrate samples should also be collected to assess possible antibiotics adsorption to substrate, as well as to study the associated microbiological communities to better understand their removal mechanisms function. When talking about antibiotics degradation, one must note that their intermediate metabolites can be equally or even more toxic than the original molecule, so studies on this subject should also be developed to test CWs efficiency during the whole removal/degradation processes.




5. Conclusions


The present study demonstrates the potential of CWs, colonized by P. australis, to remove the veterinary antibiotics ENR and OXY from saline aquaculture effluents, attenuating the impact of these effluents into the aquatic environment. Significant removal percentages for both antibiotics were observed (>99%), along the nine weeks of CWs treatment of aquaculture wastewater doped with 100 μg/L of each selected antibiotic. After three weeks of adaptation, CWs removal percentages above 95% were obtained for total bacteria and for antibiotic resistant bacteria.



The efficiency of CWs for removing other contaminants from aquaculture effluents independently of antibiotics presence was also shown. Overall, all values in all treated wastewaters complied with the Portuguese legislated values for residual wastewater discharges.



Present work demonstrated CWs can contribute for the sustainability of aquaculture, allowing the recirculation and reutilization of aquaculture wastewater.
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Figure 1. (a) Picture of one of the assembled CW microcosms; (b) Vertical cross-section of an experimental constructed wetland planted with P. australis showing height (in cm) and composition of the three layers. 
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Figure 2. Values of (a) pH and (b) salinity measured in the initial (IW) and treated wastewaters along the sampled weeks. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY). 
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Figure 3. Chemical Oxygen Demand (COD) values in initial and CWs treated wastewaters along the sampled weeks. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY). a: Significant differences (p < 0.05) compared to CNT; b: Significant differences (p ≤ 0.05) compared to the same treatment the week before. 
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Figure 4. Inorganic nutrient removal percentages, in percentage, along the sampled weeks: (a) Nitrites; (b) Nitrates; (c) Ammonium; and (d) Phosphates. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY). a: Significant (p < 0.05) differences compared to CNT; b: Significant (p < 0.05) differences compared to the same treatment the week before. 
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Figure 5. Toxicity based on bacterial luminescence expressed in percent of inhibition of bacterial activity from toxic organic compounds, along the sampled weeks. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY). a: Significant differences (p < 0.05) compared to the initial wastewater (IW); b: Significant differences (p < 0.05) compared to the control (CNT); c: Significant differences (p < 0.05) compared to the same treatment the week before. 
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Table 1. Bacterial density (CFUs/mL) of the different bacterial taxonomic and antibiotic resistance groups in initial wastewater and bacterial removal percentages in CWs treated wastewater along the experiment in the different CWs microcosms. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY). HT—Heterotrophic Total; HE—Heterotrophic resistant to ENR; HO—Heterotrophic resistant to OXY; CT—Coliforms Total; CE—Coliforms resistant to ENR; CO—Coliforms resistant to OXY; ET—Enterococcus Total; EE—Enterococcus resistant to ENR; EO—Enterococcus resistant to OXY.
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Bacterial Taxonomic

	
Initial Wastewater

	
Treated Wastewater CWs Microcosms




	
CNT

	
ENR

	
OXY




	
CFU/mL

	
% Resistance

	
% Removal

	
% Removal

	
% Removal






	
HT

	
3.4 × 102–1.54 × 104

	
-

	
47–98

	
0–100

	
17–100




	
HE

	
1.92 × 101–2.3 × 102

	
0–9

	
73–100

	
90–100

	
-




	
HO

	
2.1 × 101–3.38 × 102

	
1–89

	
98–99

	
-

	
99–100




	
CT

	
6.0 × 100–7.0 × 101

	
-

	
0–100

	
50–100

	
0–100




	
CE

	
6.0 × 10−1–5.0 × 100

	
3–11

	
0–100

	
72–100

	
-




	
CO

	
1.0 × 100–9.0 × 100

	
3–20

	
7–100

	
-

	
0–100




	
ET

	
1.05 × 101–4.7 × 101

	
-

	
99–100

	
99–100

	
99–100




	
EE

	
1.0 × 100–2.3 × 100

	
2–11

	
99

	
99–100

	
-




	
EO

	
3.1 × 100–1.2 × 101

	
7–57

	
99–100

	
-

	
97–100
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Table 2. Metals (Fe, Mn and Zn) removals, in percentage, during the experiment. Wastewater not doped (CNT) or doped with the antibiotic enrofloxacin (ENR) or oxytetracycline (OXY).
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Metal

	
Treatment

	
W0–W1

	
W2–W3

	
W5–W6

	
W8–W9




	
Mean

	
σ

	
Mean

	
σ

	
Mean

	
σ

	
Mean

	
σ






	
Fe

	
CNT

	
41%

	
5%

	
−120% b

	
47%

	
31%

	
0%

	
54%

	
2%




	
ENR

	
36%

	
28%

	
−42%

	
55%

	
25%

	
11%

	
65% a,b

	
7%




	
OXY

	
31%

	
64%

	
−71%

	
93%

	
31%

	
16%

	
70% a,b

	
2%




	
Mn

	
CNT

	
−105%

	
40%

	
−20%

	
10%

	
32%

	
0%

	
-

	
-




	
ENR

	
36% a

	
37%

	
−50%

	
78%

	
27%

	
22%

	
-

	
-




	
OXY

	
−47%

	
93%

	
27%

	
29%

	
22%

	
25%

	
-

	
-




	
Zn

	
CNT

	
-

	
-

	
9%

	
33%

	
40%

	
23%

	
66% b

	
3%




	
ENR

	
-

	
-

	
−41%

	
79%

	
32% b

	
9%

	
25% a

	
15%




	
OXY

	
-

	
-

	
13%

	
13%

	
54% b

	
3%

	
22% a,b

	
9%








Notes: a: Significant differences (p < 0.05) compared to the control; b: Significant differences (p < 0.05) compared to the same treatment the week before.
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