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Abstract:



Reclaimed water has emerged as a potential irrigation solution to freshwater shortages. However, limited data exist on the persistence of antibiotics in reclaimed water used for irrigation. Therefore, we examined the fate of nine commonly-used antibiotics (ampicillin, azithromycin, ciprofloxacin, linezolid, oxacillin, oxolinic acid, penicillin G, pipemidic acid, and tetracycline) in differentially treated wastewater and reclaimed water from two U.S. regions. We collected 72 samples from two Mid-Atlantic and two Midwest treatment plants, as well as one Mid-Atlantic spray irrigation site. Antibiotic concentrations were measured using liquid-chromatography- tandem mass spectrometry. Data were analyzed using Mann-Whitney-Wilcoxon tests and Kruskal Wallis tests. Overall, antibiotic concentrations in effluent samples were lower than that of influent samples. Mid-Atlantic plants had similar influent but lower effluent antibiotic concentrations compared to Midwest plants. Azithromycin was detected at the highest concentrations (of all antibiotics) in influent and effluent samples from both regions. For most antibiotics, transport from the treatment plant to the irrigation site resulted in no changes in antibiotic concentrations, and UV treatment at the irrigation site had no effect on antibiotic concentrations in reclaimed water. Our findings show that low-level antibiotic concentrations persist in reclaimed water used for irrigation; however, the public health implications are unclear at this time.
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1. Introduction


The use of reclaimed water (treated municipal wastewater) for landscape and agricultural irrigation is projected to rise in the United States (U.S.) [1]. However, research conducted on the safety of irrigating with reclaimed water has focused predominantly on the presence of microbial pathogens [1,2], heavy metals [1,2] and organics [1,2], with limited data available on the occurrence of pharmaceuticals (including antibiotics) in reclaimed water [3,4,5]. Antibiotics are extensively used in the U.S. for therapeutic use among humans, and therapeutic, prophylactic, and non-therapeutic use among food-production animals [6,7]. Consequently, most antibiotic residues enter wastewater due to incomplete metabolism or incorrect disposal [8]. Conventional wastewater treatment plants (WWTPs) in the U.S. are not designed to remove or monitor pharmaceuticals [9], resulting in the frequent detection of multiple antibiotics in municipal wastewater and treatment plant effluents [10,11].



Although the concentrations of antibiotics in wastewater effluent are relatively low [1], the combination of antibiotics, nutrients, and bacteria in reclaimed water (and in soil and plants subsequently irrigated with reclaimed water) could potentially result in the selection of antibiotic resistance among bacterial populations present in these environments [12,13]. Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) have been detected in influent, activated sludge, secondary clarifier, post aeration, and effluent samples from U.S. WWTPs [14,15]. In addition, VRE have been detected at a U.S. reclaimed water spray irrigation site [16].



Antibiotics also have the potential to accumulate in soil and plants that have been irrigated with wastewater and reclaimed water [4,5,17,18]. Erythromycin was found to accumulate over five months in soil irrigated with reclaimed water [5], while six tetracyclines, 4-epianhydrotetracycline, doxycycline, and six quinolones [19] accumulated in soil during a one-month period of reclaimed water irrigation. However, there are few studies that have compared different wastewater treatment technologies with regard to their impacts on antibiotic concentrations in reclaimed water. In addition, to our knowledge there are little data regarding the impact of reclaimed water transport and additional reclamation site treatments on levels of antibiotics in reclaimed water.



Therefore, the goal of this study was to characterize antibiotic concentrations in differentially treated wastewater and reclaimed water from a spray irrigation site in order to evaluate the impact of treatment process variation and reuse site practices on the fate of antibiotic residues in reclaimed water intended for reuse. To our knowledge, this is the first study to analyze antibiotic concentrations throughout the treatment train (from wastewater influent to reclaimed water utilized at an associated reuse site for spray irrigation). Our findings inform the further exploration of treatment plant and reuse site practices, as well as future regulations, that may reduce the occurrence of antibiotics in reclaimed water.




2. Materials and Methods


2.1. Study Sites


Wastewater samples collected from four U.S. wastewater treatment plants that supply treated effluent to reuse sites were included in this study: two WWTPs in the Mid-Atlantic region (previously described as Mid-Atlantic WWTP1 [14] and Mid-Atlantic WWTP2 [14]); and two WWTPs in the Midwest region (previously described as Midwest WWTP1 [14] and Midwest WWTP2 [14]). Reclaimed water samples from one spray irrigation site in the Mid-Atlantic region, previously described as Mid-Atlantic SI1 [16] (that receives treated effluent from Mid-Atlantic WWTP1 for landscape irrigation), were also tested in the study. All sites were chosen based on the willingness of the site operator to participate. A detailed description of each of the sites is included in Supplementary Information.




2.2. Sample Size and Description


Grab samples were collected throughout the treatment process (from May 2009 to October 2010), with sampling timing dependent on the availability of the WWTP operators and spray irrigation site managers. Schematics of our sampling locations have been previously described in Rosenberg et al. (2012) [14] and Carey et al. (2016) [16]. All samples were collected in 1L sterile polyethylene Nalgene® Wide Mouth Environmental Sampling Bottles (Thermo Fisher Scientific, Waltham, MA, USA), transported to the laboratory at 4 °C, and stored at −80 °C until antibiotic residues could be isolated and quantified. A total of 72 samples were included in this analysis: 45 wastewater samples (16 from Mid-Atlantic WWTP1, 7 from Mid-Atlantic WWTP2, 11 from Midwest WWTP1, and 11 from Midwest WWTP2) and 27 reclaimed water samples from Mid-Atlantic SI1. In total, 15 influent, 4 activated sludge, 3 post-aeration, 6 secondary clarifier, 4 (lagoon) cell B and 13 effluent samples were collected from all WWTPs. From the Mid-Atlantic SI1 site, 6 samples were collected before UV treatment, 7 after UV treatment, 6 at the open-air storage pond inlet, and 8 at the pumphouse inlet.




2.3. Extraction and Analysis of Antibiotic Concentrations


Nine antibiotics commonly used in the U.S. [20] and previously detected in wastewater samples [11] were analyzed: β lactams-ampicillin (AMP), oxacillin (OXA), and penicillin G (PEN); a macrolide–azithromycin (AZI); an oxazolidinone–linezolid (LIN); quinolones–ciprofloxacin (CIP), oxolinic acid (OXO), and pipemidic acid (PIP); and a tetracycline–tetracycline (TET). Antibiotic concentrations in all samples were quantified using a previously published method [21] (with modifications). A 10 μL aliquot of a methanol stock solution containing 10 μg/mL of surrogate standard (Linezolid-d3, Toronto Research Chemical Inc., Toronto, Canada, Cat # L466502) was added to a 200 mL aliquot of each sample, followed by thorough mixing and equilibration. All samples were then extracted using Oasis HLB (60 mg) cartridges (Waters Corp, Milford, MA, USA), conditioned with 3 mL methanol followed by a 3 mL water rinse. The samples were loaded under minimal vacuum using Visiprep 12-port Vacuum Manifolds (Sigma-Aldrich, St. Louis, MO, USA). Cartridges were then washed with 1 mL of water containing 5% methanol by volume and analytes were eluted with 6 mL of acetonitrile with 0.2% formic acid, followed by 3 mL of methanol:acetone mix (50:50; vol:vol) under minimal vacuum. Each extract was dried under nitrogen at 40 °C and reconstituted in 1 mL of acetonitrile:0.1% formic acid mix (50:50; vol:vol) followed by the addition of a 10 µL aliquot of 10 μg/mL internal standard (OxolinicAcid-d5, Toronto Research Chemical Inc., Toronto, Canada). High performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) was used to detect and quantify antibiotics using an Applied Biosystem ABI3000 tandem mass spectrometer with positive electrospray ionization, and chromatographic separation was achieved by an Xterra MS C18 2.5 µm, 2.1 × 50 mm column (Waters Corporation, Milford, MA, USA) with a pre-column filter (Phenomenex, Torrance, CA, USA). The list of antibiotics included in the analysis and their corresponding limits of detection (LOD) is provided in Supplementary Table S1.




2.4. Statistical Analysis


All statistical analyses were performed using R (version 3.2.4 2016 The R Foundation for Statistical Computing). Due to several samples with antibiotic concentrations below the LOD, certain antibiotics with very high concentrations (reflective of prescription patterns and, thus, considered representative of true sample concentrations), and small sample sizes at some WWTPs, a conservative, but robust, non-parametric rank-based approach was used for analysis [22]. Differences between groups were determined using the non-parametric Mann-Whitney-Wilcoxon test, or Kruskal Wallis test, based on the number of groups being compared [22]. The Bonferroni correction was used to adjust p-values when conducting multiple comparisons. In all cases, p-values ≤ 0.05 were defined as statistically significant, except when Bonferroni corrections were employed.





3. Results and Discussion


3.1. Antibiotic Concentrations in Influent Samples from All WWTPs


Figure 1 summarizes the antibiotic concentrations detected in influent samples across all WWTPs. Antibiotic detection ranges in ng/mL were as follows: ampicillin (<LOD to 49.7), oxacillin (1.39 to 18), penicillin (<LOD to 23.8), azithromycin (22.2 to 336), ciprofloxacin (3.28 to 69.5), oxolinic acid (5.35 to 9.43), pipemidic acid (5.23 to 55.1), linezolid (3.05 to 61.5), and tetracycline (<LOD to 188).


Figure 1. Concentrations (ng/mL) of antibiotics in influent samples collected from all four wastewater treatment plants (WWTPs) included in the study. AMP = Ampicillin; AZI = Azithromycin; CIP = Ciprofloxacin; LIN = Linezolid; OXA = Oxacillin; OXO = Oxolinic Acid; PEN = Penicillin; PIP = Pipemidic Acid; TET = Tetracycline.
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Azithromycin was detected at the highest concentrations compared to all antibiotics in influent samples recovered from all WWTPs, with the highest concentration occurring in influent samples collected from Midwest WWTP1. Concentrations of azithromycin in both the Midwest WWTP1 and the Mid-Atlantic WWTP1 influents were, on average, an order of magnitude higher than those detected at the other WWTPs. Azithromycin concentrations were also the highest of all antibiotics analyzed (in influent, activated sludge, and effluent samples) at another U.S. wastewater treatment plant located in Kentucky [23]. Azithromycin, which is the most commonly prescribed human-use antibiotic in the U.S. [24,25] and has been found at fairly high concentrations in biosolids [26] with a relatively long half-life in biosolid-amended soil [26], may have entered Mid-Atlantic WWTP1 through domestic and hospital wastewater [14,15] and Midwest WWTP1 through domestic and agriculturally-influenced stormwater [14,15].



β-lactams were found at the lowest concentrations (compared to other antibiotics) in influent samples from all WWTPs, with 20% of influent samples containing ampicillin below the LOD and 33% of influent samples containing penicillin G below LOD. Despite being one of the most highly used classes of antibiotics in the U.S. [24], β-lactams are not usually found in high concentrations in influent samples [11] (due to chemical hydrolysis in the influent stream, or cleavage of the unstable β-lactam ring by β-lactamases [11]).




3.2. Antibiotic Concentrations in Effluent Samples from All WWTPs


The antibiotic concentrations detected in effluent samples from all WWTPs are displayed in Figure 2. Antibiotic detection ranges in ng/mL were as follows: ampicillin (2.31 to 42.2), oxacillin (<LOD to 10.1), penicillin (<LOD to 20.3), azithromycin (0.82 to 183), ciprofloxacin (2.71 to 16.4), oxolinic acid (<LOD to 7.94), pipemidic acid (3.76 to 26), linezolid (<LOD to 22.1), and tetracycline (<LOD to 23.6). Oxacillin, penicillin G, tetracycline, and pipemidic acid occurred at concentrations below the LOD in 54%, 46%, 23%, and 8% of all effluent samples (from all WWTPs, respectively). The β-lactams would have undergone further cleavage and hydrolysis during wastewater treatment [11], while tetracycline (due to its extremely high sludge-wastewater partition coefficient [27]) may have been adsorbed into activated sludge.


Figure 2. Concentrations (ng/mL) of antibiotics in effluent samples collected from all four wastewater treatment plants (WWTPs) included in the study. AMP = Ampicillin; AZI = Azithromycin; CIP = Ciprofloxacin; LIN = Linezolid; OXA = Oxacillin; OXO = Oxolinic Acid; PEN = Penicillin; PIP = Pipemidic Acid; TET = Tetracycline.
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3.3. Differences in Antibiotic Concentrations between Same-Day Influent versus Effluent Samples


Antibiotic concentration differences between influent and effluent samples collected on the same day from each of the WWTPs are illustrated in Figure 3. In general, concentrations of most antibiotics were lower in the effluent samples compared to influent samples, with differences (at marginal significance) between influent and effluent concentrations observed only for oxacillin (W = 54, p-value = 0.004) and pipemidic acid (W = 53, p-value = 0.006). To account for multiple comparisons, p-values at or below 0.005 were considered to be statistically significant. Statistically significant differences for just two of the nine antibiotics analyzed may have been due to the cross sectional nature of the grab samples and our irregular access to some WWTPs (which was dictated by plant operators).


Figure 3. Differences in antibiotic concentrations (ng/mL) between influent versus effluent samples collected on the same day from each of the four wastewater treatment plants (WWTPs) included in the study. AMP = Ampicillin; AZI = Azithromycin; CIP = Ciprofloxacin; LIN = Linezolid; OXA = Oxacillin; OXO = Oxolinic Acid; PEN = Penicillin; PIP = Pipemidic Acid; TET = Tetracycline.
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3.4. Regional Differences between Antibiotic Concentrations in Influents and Effluents


Antibiotic concentration differences between Mid-Atlantic and Midwest WWTP influents can be seen in Supplementary Figure S1. Generally, most influent antibiotic concentrations were similar between the two regions (except for azithromycin concentrations (which were higher—though not statistically significantly) in the Midwest WWTP influents) compared to the Mid-Atlantic treatment plant influents. Azithromycin levels may have been higher in the raw influent of Midwest WWTPs [14,15] compared to Mid-Atlantic plants, because Midwest influents were comprised of both domestic wastewater and agriculturally-influenced stormwater. Since the Midwest plants are located in rural areas where biosolids are applied to agricultural land [14,15], runoff from this land during rain events could have increased levels of azithromycin in the waste stream.



Antibiotic concentration differences between effluents from the Midwest and Mid-Atlantic regions are shown in Supplementary Figure S2. In spite of most antibiotics being at similar concentrations in all influent samples, ampicillin, oxacillin, oxolinic acid, penicillin G, and tetracycline were found at higher concentrations in the effluents from Midwest WWTPs, while azithromycin and linezolid were found at higher concentrations in the effluents from Mid-Atlantic WWTPs. None of these differences, however, were statistically significant.



The observed variability in antibiotic removal could be attributed to treatment process variations; namely, the treatment plant capacity, nature of influent, and type of tertiary treatment. Other differences could have been due to WWTP reactor type and solid-retention time (SRT), both of which impact microbial population characteristics of activated sludge [27,28]. Pharmaceutical degradation is achieved by nitrifying bacteria (through the production of monooxygenase (including ammonia monooxygenase) and dioxygenase enzymes [29]), which increase with longer SRT [30] and occur at higher concentrations in activated sludge from a nitrification reactor compared to a conventional activated sludge reactor [6]. Variability could have been due to the type of activated sludge reactor present at each plant [26,31]. Although all four plants in our study contained an activated sludge process, the types varied from a conventional continuous activated sludge reactor (Mid-Atlantic WWTP1), aeration tanks (Mid-Atlantic WWTP2) and a sequencing batch reactor (Midwest WWTP2) to activated sludge lagoons (Midwest WWTP2). SRT variability also could have influenced the observed differences between plants; however, this information was not obtained during the study.




3.5. Differences in Antibiotic Concentrations across Wastewater Treatment Processes


Antibiotic concentration differences across all treatment processes utilized at all WWTPs are described in Figure 4. In general, most antibiotics partitioned into samples from various treatment processes based on the chemical and physical properties of the class to which they belong. Statistically significant differences were found only for oxacillin (between influent and effluent samples (W = 28, p-value = 0.0002)) and activated sludge and effluent samples (W = 89, p-value = 0.0005). To account for multiple comparisons, p-values at or below 0.0005 were considered to be statistically significant.


Figure 4. Differences in concentrations (ng/mL) of antibiotics across treatment processes used at all the wastewater treatment plants (WWTPs) included in the study. AMP = Ampicillin; AZI = Azithromycin; CIP = Ciprofloxacin; LIN = Linezolid; OXA = Oxacillin; OXO = Oxolinic Acid; PEN = Penicillin; PIP = Pipemidic Acid; TET = Tetracycline.
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Ciprofloxacin and pipemidic acid were relatively abundant in activated sludge samples due to their non-volatility [27] and fairly high sludge-wastewater partition coefficient [27]. These antibiotics are also resistant to microbial degradation [28,32] but susceptible to photochemical degradation [28,32]. However, the large amounts of organic matter in activated sludge may have blocked light and resulted in reduced photochemical degradation.



Azithromycin (despite having a relatively low sludge-wastewater partition coefficient [11]) and oxacillin and penicillin G (despite being more prone to hydrolysis [11]) were also found at high concentrations in activated sludge. Azithromycin may have continued to persist in activated sludge due to its high influent concentrations. Activated sludge samples from another U.S. treatment plant in Kentucky also contained high azithromycin concentrations [23]. Higher than expected concentrations of other antibiotics (including β-lactams) may have also occurred due to interactions with proteins, nucleic acids, and polysaccharide cell-wall components of activated sludge bacteria [28], along with bonding and complexation with lipids, fats, and other particulate matter in activated sludge, allowing compounds with low octanol–water and sludge–wastewater coefficients to easily adsorb into activated sludge [28]. Tetracycline (a non-volatile compound [27] with a high sludge-wastewater partition coefficient [27] and the ability to undergo polarization or complexation with solid particles [28,33]) was found at unexpectedly low concentrations in activated sludge samples, possibly due to the relatively low therapeutic use of tetracycline among humans [11].




3.6. Differences in Antibiotic Concentrations from Mid-Atlantic WWTP1 to Mid-Atlantic SI1


Figure 5 illustrates the changes in antibiotic concentrations in samples obtained sequentially from the influent at Mid-Atlantic WWTP1 through the Mid-Atlantic SI1 pumphouse sprinkler. For all antibiotics, transport from the WWTP (“Effluent”) to the spray irrigation site (“Before UV treatment”) resulted in virtually unchanged median concentrations. The only observed decrease in median concentration was for azithromycin (56.6 ng/mL in “Effluent” to 38.6 ng/mL in “Before UV treatment”). Similarly, the median concentrations of almost all of the antibiotics remained unchanged after UV treatment at the spray irrigation site. Open-air storage at the spray irrigation site resulted in a decrease in the median concentration of azithromycin (44.85 ng/mL to 8.79 ng/mL), but almost all other antibiotics remained at virtually unchanged levels before and after storage.


Figure 5. Changes in antibiotic concentrations (ng/mL) as wastewater travels from the influent at Mid-Atlantic wastewater treatment plant 1 (Mid-Atlantic WWTP1), undergoes tertiary treatment, and is then piped to Mid-Atlantic spray irrigation site 1 (Mid-Atlantic SI1) for reuse. The sequential order of flow is as follows: (1) Raw influent; (2) Influent post screening; (3) Effluent; (4) Before UV treatment; (5) After UV treatment; (6) Inlet to storage pond; and (7) Inlet to pumphouse. AMP = Ampicillin; AZI = Azithromycin; CIP = Ciprofloxacin; LIN = Linezolid; OXA = Oxacillin; OXO = Oxolinic Acid; PEN = Penicillin; PIP = Pipemidic Acid; TET = Tetracycline.
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Ampicillin concentrations, however, were statistically significantly higher in “Inlet to pumphouse” samples compared to “After UV treatment” samples (W = 14, p-value = 0.0006), indicating that storage in an open-air pond may have contributed to this increase. In addition, azithromycin concentrations were statistically significantly different between: “Inlet to storage pond” samples and “Inlet to pumphouse” samples (W = 112, p-value = 0.0001); “After UV treatment” samples and “Inlet to pumphouse” samples (W = 154, p-value < 0.0001); “Before UV treatment” samples and “Inlet to pumphouse” samples (W = 140, p-value < 0.0001); and Mid-Atlantic WWTP1 influent samples and “Inlet to pumphouse” samples (W = 112, p-value = 0.0001). These differences provided evidence of an overall trend of decreasing azithromycin concentrations as effluent flowed from WWTP1 and was subsequently stored at the spray irrigation site. To account for multiple comparisons, p-values at or below 0.0006 were considered statistically significant.



Distribution system characteristics, such as residual chlorine, pH, temperature, biofilm community structure, and dissolved organic matter (parameters we were unable to assess) could have influenced antibiotic concentrations during transport; however, our data showed that the effects were negligible. On-site UV radiation treatment was performed at a wavelength (254 nm) that has previously been found to be ineffective at reducing antibiotic concentrations [27]. Azithromycin may have undergone photodegradation in the storage pond, influenced by direct photolysis (due to direct excitation from solar radiation) or indirect photolysis (due to interaction with reactive intermediates generated by humic acids [34]).




3.7. Limitations


The main limitations of this study were the convenience sample of WWTPs (where plants were chosen based on the willingness of each plant to participate), the collection of grab samples, and unequal sample sizes resulting from limited access to some collection sites. Furthermore, since we could only include one spray irrigation site in our study, our findings may not be applicable to all U.S. spray irrigation sites. However, by studying four conventional WWTPs across two regions, our observations could be representative of multiple types of conventional wastewater treatment processes commonly employed in different regions of the U.S.




3.8. Public Health Impacts and Future Research


Antibiotics have the potential to exert selective pressure on existing bacterial communities within WWTPs [6] and in reclaimed water [13], potentially contributing to increased levels of antibiotic resistance within these environments [14]. Both MRSA and VRE have been detected in the same WWTP effluents that were tested in this study and sent to reuse applications [14,15], and VRE was detected in the reclaimed water that we tested from the Mid-Atlantic spray irrigation site [16]. Thus, it is possible that the trace levels of antibiotics that we observed in the wastewater and reclaimed water samples (in the range of <LOD to 336 ng/mL in influent samples, and <LOD to 183 ng/mL in effluent or reclaimed water samples) could have contributed to the selection of bacteria that are resistant to those specific antibiotics. In addition, the variable impact of different treatment technologies and storage conditions on antibiotic degradation is also a potential concern, particularly since some antibiotics (ciprofloxacin and ofloxacin) have been shown to be genotoxic [35]. Our data show that antibiotics remain at low levels in reclaimed water (<LOD to 183 ng/mL), but the effect of chronic human exposures to complex mixtures of antibiotics and other pharmaceuticals in reclaimed water is unclear and deserves further study [36].





4. Conclusions


We confirmed that conventional continuous activated sludge processes alone may not effectively remove antibiotics from municipal wastewater. We also observed the persistence of antibiotics in reclaimed water at a spray irrigation site, in spite of on-site UV treatment (with levels in the range of <LOD to 68.6 ng/mL depending on the antibiotic). If conventionally-treated municipal wastewater is increasingly used for downstream purposes such as irrigation, then additional, cost-effective, onsite technologies may need to be developed in order to reduce the occurrence of persisting contaminants (including antibiotics) in the reclaimed water and prevent the dissemination of these contaminants into the environment and human populations.








Supplementary Materials


The following are available online at www.mdpi.com/1660-4601/14/6/668/s1, Figure S1: Differences in antibiotic concentrations (ng/mL) between influent samples collected from Mid-Atlantic versus Midwest wastewater treatment plants (WWTPs), Figure S2: Differences in antibiotic concentrations (ng/mL) between effluent samples collected from Mid-Atlantic versus Midwest wastewater treatment plants (WWTPs), Table S1: A list of the nine antibiotics analyzed with the corresponding mass-charge ratios (m/z) of their parent and daughter ions and limit of detection (LOD) values (ng/mL).





Acknowledgments


We would like to thank Hector Corrada Bravo of the University of Maryland Institute for Advanced Computer Studies for advice on data analysis. This work was supported by grant 5R03OH009598-02 from the R03 Small Grants Program of the National Institute for Occupational Safety and Health. P.K. was supported by the United States Department of Agriculture-National Institute of Food and Agriculture (Grant number 2016-68007-25064) that established CONSERVE: A Center of Excellence at the Nexus of Sustainable Water Reuse, Food and Health.




Author Contributions


Amy R. Sapkota, Amir Sapkota and Shawn G. Gibbs conceived and designed the study and the experiments; Rachel E. Rosenberg Goldstein collected the samples and performed the experiments; Prachi Kulkarni and Greg A. Raspanti performed the experiments and analyzed the data; Nathan D. Olson analyzed the data; Prachi Kulkarni wrote the manuscript; all authors revised the manuscript and approved the final version.




Conflicts of Interest


The authors declare no conflict of interest.




Disclaimer


Certain commercial equipment, instruments, or materials are identified in this paper only to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose. Official contribution of NIST; not subject to copyrights in USA.




References


	1. 
United States Environmental Protection Agency (EPA). US Environmental Protection Agency. 2012 Guidelines for Water Reuse; EPA: Washington, DC, USA, 2012.

	2. 
Sheikh, B.; Cort, R.P.; Kirkpatrick, W.R.; Jaques, R.S.; Asano, T. Monterey Wastewater Reclamation Study for Agriculture. Res. J. Water Pollut. Control Fed. 1990, 62, 216–226. [Google Scholar]

	3. 
Wu, X.; Conkle, J.L.; Ernst, F.; Gan, J. Treated wastewater irrigation: Uptake of pharmaceutical and personal care products by common vegetables under field conditions. Environ. Sci. Technol. 2014, 48, 11286–11293. [Google Scholar] [CrossRef] [PubMed]

	4. 
Wu, X.; Dodgen, L.K.; Conkle, J.L.; Gan, J. Plant uptake of pharmaceutical and personal care products from recycled water and biosolids: A review. Sci. Total. Environ. 2015, 536, 655–666. [Google Scholar] [CrossRef] [PubMed]

	5. 
Kinney, C.A.; Furlong, E.T.; Werner, S.L.; Cahill, J.D. Presence and distribution of wastewater-derived pharmaceuticals in soil irrigated with reclaimed water. Environ. Toxicol. Chem. 2006, 25, 317. [Google Scholar] [CrossRef] [PubMed]

	6. 
Kim, S.; Aga, D.S. Potential, Ecological and Human Health Impacts of Antibiotics and Antibiotic-Resistant, Bacteria from Wastewater Treatment Plants. J. Toxicol. Environ. Heal. 2007, 10, 559–573. [Google Scholar] [CrossRef] [PubMed]

	7. 
Center for Veterinary Medicine. CVM Updates—FDA Annual Summary Report on Antimicrobials Sold or Distributed in 2014 for Use in Food-Producing Animals. Available online: http://www.fda.gov/AnimalVeterinary/NewsEvents/CVMUpdates/ucm476256.htm (accessed on 8 February 2016).

	8. 
Kummerer, K. Drugs in the Environment: Emission of Drugs Diagnostic Aids and Disinfectants into Wastewater by Hospitals in Relation to Other Sources—A Review. Chemosphere 2001, 45, 957–969. [Google Scholar] [CrossRef]

	9. 
Pruden, A.; Larsson, D.G.J.; Amézquita, A.; Collignon, P.; Brandt, K.K.; Graham, D.W.; Lazorchak, J.M.; Suzuki, S.; Silley, P.; Snape, J.R.; et al. Management options for reducing the release of antibiotics and antibiotic resistance genes to the environment. Environ. Health Perspect. 2013, 121, 878–885. [Google Scholar] [CrossRef] [PubMed]

	10. 
USGS. Emerging Contaminants in the Environment. Available online: http://toxics.usgs.gov/regional/emc/ (accessed on 15 January 2016).

	11. 
Zhang, T.; Li, B. Occurrence Transformation, and Fate of Antibiotics in Municipal Wastewater Treatment Plants. Crit. Rev. Environ. Sci. Technol. 2011. Available online: http://www-tandfonline-com.proxy-um.researchport.umd.edu/doi/full/10.1080/10643380903392692 (accessed on 2 February 2016). [Google Scholar] [CrossRef]

	12. 
Negreanu, Y.; Pasternak, Z.; Jurkevitch, E.; Cytryn, E. Impact of treated wastewater irrigation on antibiotic resistance in agricultural soils. Environ. Sci. Technol. 2012, 46, 4800–4808. [Google Scholar] [CrossRef] [PubMed]

	13. 
Fahrenfeld, N.; Ma, Y.; O’Brien, M.; Pruden, A. Reclaimed water as a reservoir of antibiotic resistance genes: Distribution system and irrigation implications. Front. Microbiol. 2013, 4, 130. [Google Scholar] [CrossRef] [PubMed]

	14. 
Goldstein, R.E.R.; Micallef, S.A.; Gibbs, S.G.; Davis, J.A.; He, X.; George, A.; Kleinfelter, L.M.; Schreiber, N.A.; Mukherjee, S.; Sapkota, A.; et al. Methicillin-resistant, Staphylococcus aureus (MRSA) detected at four U.S. wastewater treatment plants. Environ. Health Perspect. 2012, 120, 1551–1558. [Google Scholar] [CrossRef] [PubMed]

	15. 
Goldstein, R.E.R.; Micallef, S.A.; Gibbs, S.G.; George, A..; Claye, E..; Sapkota, A.; Joseph, S.W.; Sapkota, A.R. Detection of vancomycin-resistant enterococci (VRE) at four U.S. wastewater treatment plants that provide effluent for reuse. Sci. Total. Environ. 2014, 466–467, 404–411. [Google Scholar] [CrossRef] [PubMed]

	16. 
Carey, S.A.; Goldstein, R.E.R.; Gibbs, S.G.; Claye, E.; He, X.; Sapkota, A.R. Occurrence of vancomycin-resistant and -susceptible, Enterococcus spp. in reclaimed water used for spray irrigation. Environ. Res. 2016, 147, 350–355. [Google Scholar] [CrossRef] [PubMed]

	17. 
Ternes, T.A.; Bonerz, M.; Herrmann, N.; Teiser, B.; Andersen, H.R. Irrigation of treated wastewater in Braunschweig, Germany: An option to remove pharmaceuticals and musk fragrances. Chemosphere 2007, 66, 894–904. [Google Scholar] [CrossRef] [PubMed]

	18. 
Pan, M.; Wong, C.K.C.; Chu, L.M. Distribution of antibiotics in wastewater-irrigated soils and their accumulation in vegetable crops in the Pearl River Delta southern China. J. Agric. Food Chem. 2014, 62, 11062–11069. [Google Scholar] [CrossRef] [PubMed]

	19. 
Wang, F.-H.; Qiao, M.; Lv, Z.-E.; Guo, G.X.; Jia, Y.; Su, Y.H.; Zhu, Y.G. Impact of reclaimed water irrigation on antibiotic resistance in public parks Beijing China. Environ. Pollut. 2014, 184, 247–253. [Google Scholar] [CrossRef] [PubMed]

	20. 
U.S.National Library of Medicine. National Institutes of Health. Pharmaceutical Statistics. 2015. Available online: https://www.nlm.nih.gov/services/Subject_Guides/healthstatistics/pharmaceuticalstatistics/ (accessed on 19 April 2016). [Google Scholar]

	21. 
Sapkota, A.; Heidler, J.; Halden, R.U. Detection of triclocarban and two co-contaminating chlorocarbanilides in US aquatic environments using isotope dilution liquid chromatography tandem mass spectrometry. Environ. Res. 2007, 103, 21–29. [Google Scholar] [CrossRef] [PubMed]

	22. 
Helsel, D.R. Statistics for Censored Environmental Data Using Minitab and R, 2nd ed.; Scott, M., Barnett, V., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2012; ISBN 978-0-470-47988-9. [Google Scholar]

	23. 
Loganathan, B.; Phillips, M.; Mowery, H.; Jones-Lepp, T.L. Contamination profiles and mass loadings of macrolide antibiotics and illicit drugs from a small urban wastewater treatment plant. Chemosphere 2009, 75, 70–77. [Google Scholar] [CrossRef] [PubMed]

	24. 
Centers for Disease Control and Prevention (CDC). Get Smart: Know When Antibiotics Work. 2015. Available online: http://www.cdc.gov/getsmart/community/programs-measurement/measuring-antibiotic-prescribing.html (accessed on 21 April 2016). [Google Scholar]

	25. 
Hicks, L.A.; Bartoces, M.G.; Roberts, R.M.; Suda, K.J.; Hunkler, R.J.; Taylor, T.H., Jr.; Schrag, S.J. US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011. Clin. Infect. Dis. 2015, 60, 1308–1316. [Google Scholar] [CrossRef] [PubMed]

	26. 
Walters, E.; McClellan, K.; Halden, R.U. Occurrence and loss over three years of 72 pharmaceuticals and personal care products from biosolids-soil mixtures in outdoor mesocosms. Water Res. 2010, 44, 6011–6020. [Google Scholar] [CrossRef] [PubMed]

	27. 
Batt, A.L.; Kim, S.; Aga, D.S. Comparison of the occurrence of antibiotics in four full-scale wastewater treatment plants with varying designs and operations. Chemosphere 2007, 68, 428–435. [Google Scholar] [CrossRef] [PubMed]

	28. 
Jelic, A.; Gros, M.; Petrovic, M.; Ginebreda, A.; Barcelo, D. Occurrence and Elimination of Pharmaceuticals During Conventional Wastewater Treatment. In Emerging and Priority Pollutants in Rivers: Bringing Science into River Management Plans; Guasch, H., Ginebreda, A., Geiszinger, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 1–23. ISBN 978-3-642-25721-6. [Google Scholar]

	29. 
Dorival-García, N.; Zafra-Gómez, A.; Navalón, A.; González-López, J.; Hontoria, E.; Vílchez, J.L. Removal and degradation characteristics of quinolone antibiotics in laboratory-scale activated sludge reactors under aerobic, nitrifying and anoxic conditions. J. Environ. Manag. 2013, 120, 75–83. [Google Scholar] [CrossRef] [PubMed]

	30. 
Batt, A.L.; Kim, S.; Aga, D.S. Enhanced biodegradation of iopromide and trimethoprim in nitrifying activated sludge. Environ. Sci. Technol. 2006, 40, 7367–7373. [Google Scholar] [CrossRef] [PubMed]

	31. 
Popple, T.; Williams, J.B.; May, E.; Mills, G.A.; Oliver, R. Evaluation of a sequencing batch reactor sewage treatment rig for investigating the fate of radioactively labelled pharmaceuticals: Case study of propranolol. Water Res. 2016, 88, 83–92. [Google Scholar] [CrossRef] [PubMed]

	32. 
Jones-Lepp, T.L.; Stevens, R. Pharmaceuticals and personal care products in biosolids/sewage sludge: The interface between analytical chemistry and regulation. Anal. Bioanal. Chem. 2007, 387, 1173–1183. [Google Scholar] [CrossRef] [PubMed]

	33. 
Golet, E.M.; Strehler, A.; Alder, A.C.; Giger, W. Determination of Fluoroquinolone Antibacterial Agents in Sewage Sludge and Sludge-Treated Soil Using Accelerated Solvent Extraction Followed by Solid-Phase Extraction. Anal. Chem. 2002, 74, 5455–5462. [Google Scholar] [CrossRef] [PubMed]

	34. 
Tong, L.; Eichhorn, P.; Pérez, S.; Wang, Y.; Barceló, D. Photodegradation of azithromycin in various aqueous systems under simulated and natural solar radiation: Kinetics and identification of photoproducts. Chemosphere 2011, 83, 340–348. [Google Scholar] [CrossRef] [PubMed]

	35. 
Kümmerer, K.; Al-Ahmad, A.; Mersch-Sundermann, V. Biodegradability of some antibiotics, elimination of the genotoxicity and affection of wastewater bacteria in a simple test. Chemosphere 2000, 40, 701–710. [Google Scholar] [CrossRef]

	36. 
Malchi, T.; Maor, Y.; Chefetz, B. Comments on “Human health risk assessment of pharmaceuticals and personal care products in plant tissue due to biosolids and manure amendments, and wastewater irrigation”. Environ. Int. 2015, 82, 110–112. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijerph-14-00668


  
    		
      ijerph-14-00668
    


  




  





media/file8.jpg
5 lm
ms [ §
=2

Comcyl i

B e . &
. 3 — P |
— f=3 o
o) D= 3
D Bt &
T ° @ . &
5 6 T A g & 2 % 85 °
(an ) D 1
By -3 d

. - *
$Tee - O +
o — — i1 —
e & ./ m

g g 38 ° AL 8 8 3 °
Loy e - D
Dl =1 .. o]
Pxcd TR o

(2] - e|E - P e |
Gl oflse T

— 3 | Py B
— £i3e [—"
3¢882° 8 8§ & ° 28 3 8






media/file6.jpg
AvP Azl cp
505 - =
o ) o 60
30 A 200 w0
Zz é H00; ‘éé 20 é .
oTED o 2 I P P
= LN oxA | [
= %
€4 2
2 | . 60, 15
e * 20 104} Q
5 oy oJbed
g . 3]
© [[een PIP TET
20 % 150
601, 100
0 50 g
Ve den| (St

Treatment Process

< |infiuent * |Postaeration  celg
« ActivatedSiudgeReactor|  |SecondaryClariier * Effluent






media/file1.png
Midwest WWTP2

X

Mid-Atlantic WWTP2

K2

L 131
_ dld
. N3d
L OXO
L VXO
. NI
L dIO

. "'-%-é-t-*

L diNV

40 -
30 -
20 -

Mid—-Atlantic VWWTP1
Midwest WWTP1

:

NEN
_ did
L N3d
_OXO
L VX0
L NI
L dIO

L dINY

- il &-‘--‘--0—...-.—* 107

100 -
0

(qw/Bu) uonenuasu

Antibiotic






media/file7.png
Concentration (hg/mL)

AMP

50 -
40 -
30 -
20 -
10 -
0 =

[od
B

9))
o
1

LN
o
1

N
o
1

O

tidebd

20 -
15+
10 -

0=

i

o [nfluent

AZl

300 -

200 -

100 =

o5

OXA

90 -
60 =
30 -

0 -

9o

teed

&e

PIP

90 -

60 -

30 -

0 -

e S

Treatment Process

CIP

60 -

40 4

20 -

(B

#I~é+;

OXO

29 -
20 -
15+
10+
5 -

;¢ég

TET

150 =

100 -

50 -

0=

@Q?*?@

® PostAeration

o CellB

® ActivatedSludgeReactor ® SecondaryClarifier ¢ Effluent






media/file9.png
Concentration (ng/mL)

AMP

50 -
40 -
30 -
20 -
10 -

0-

—1 ¢
op[%—e
¢ -
LYK
el

LIN

(@)
o
1

LN
o
1

N
o
1

o
1

LD

5.0 -

2.5

0.0 -

150

100 -

50 A

15 -

10 -

90 -

60 -

30 -

CIP

4- é ’
B <
104, .

g0

50 -

Raw Influent

Influent Post Screening
Effluent

Before UV treatment
After UV treatment
Inlet to Storage Pond

Inlet to Pumphouse






media/file5.png
AMP

30-

20

10-

-
1

i8N

LIN

W
-
1

N
-
1

-
(]
1

-
1

sl

Concentration (ng/mL)

PEN

20+
15~
10-

5-

0=

N/

Influent Effluent

Treatment Plant

AZ|

300 -

200 =

100 -

12
9 -
6 -
3 -
0 -

PIP

20 -
15 -
10+
5 -

Q-

Influent Effluent

Stage

CIP

60 -

40 -

20 -

25 -
20 -
15+
10+

AN | el

TET

150 -
100 -
50 -

0=

Influent Effluent

¢ Mid-Atlantic WWTP1 e Midwest WWTP1

Mid-Atlantic WWTP2 ¢ Midwest WWTP2






media/file3.png
Mid-Atlantic VW TP2

141
_ dld
*. N3d
L OXO

L NI
_ dIO

L dINY

Mid-Atlantic VWV TP

1 1 1
- (- (-
O g N

-

Midwest WWWTP2

éé*ﬁmﬁﬁ*Q

131
L did
L N3d
L OXO
LVXO
L NIT
L dID

L dINY

40 4

30 -
20 -
10 =

(0 =

Midwest VWVTP1

131
_ did
L N3d
_OXO
L ¥XO
L NI
_dID

L dINY

150 -
100 -
50 -

(qw/Bu) uonenuaduo)

P =

Antibiotic






media/file4.jpg
8

10

3 8 8 o

Concentration (ng/mL)
°

15
10

AMP

Azl

CIP.

300 60
200 40
= | -
0 0

UN oA oxo
12 =
o 20
6 15
3 10
o 5

PEN PIP TET
\ 2 150
o 100

10
= | &
0 0
Inflent Effiient Infllent Effient Inflent Effivent
Stage

Treatment Plant

= | Mid-Atlantic WWTP1| »  Midwest WWTP1

 Mid-Atiantic WWTP2

© Midwest WWTP2






media/file0.jpg
‘ 131 * 43i

* did + did

W ¢ rhad o[z

* OXO W + OXO

£ ¢ 0o §vo

S el ame [

: lao |2 fao

@ i giig L4

| E diNY | + dNY
? ] ° LEEE

o * 131 -m 131

- v ) o

= ERE

e 4 Vo E 4hwo

= o @pn m HiE

2 PR oo

—efl T e iz

!m dINY * dWY

£ 300
© 200

(u/Bu) uonesuBoUO;

Antibiotic






media/file2.jpg
Mid-Atiantic WATP2

20‘

Mid-Atiantic WWTP1

131 et
§ ot YR
] off $athizd
§ too W §P oo
§vo ffvo
4 w o3 pN0
4 oo = § a0
§ ot |
t anv |l g, any
e ewe ¥8Re°
g INEn
§tae PR
Gz $haa
o tOXO W &loo
oo [
o -1 m 4pnn
$pao |2 4} a0
e ]
offf Y planv

150,
100
50.

Antibiotic






