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Abstract: The occurrence of antibiotic residues in the aquatic environment is an emerging concern. In contrast to daphnia and fish, algae are known to be particularly sensitive to antibiotic exposure. However, to date, a systematic evaluation of the sensitivity of different algal species to antibiotics has not been performed. The aim of the present study was therefore to explore the sensitivity of a battery of algal species towards antibiotic exposures. The present study investigated the growth inhibition effects of three major-use antibiotics, tylosin, lincomycin and trimethoprim, on seven algal species from the chlorophyte, cyanobacteria and diatom groups. Based on EC50 values, cyanobacteria (EC50 = 0.095-0.13 µmol/L) were found to be the most sensitive group to lincomycin followed by chlorophytes (EC50 = 7.36-225.73 µmol/L) and diatoms (EC50 >225.73 µmol/L). Cyanobacteria were also the most sensitive group to tylosin (EC50 = 0.09-0.092 µmol/L) but, for this compound, diatoms (EC50 = 1.33-5.7 µmol/L) were more sensitive than chlorophytes (EC50 = 4.14-81.2 µmol/L). Diatoms were most sensitive to trimethoprim (EC50 = 7.36-74.61 µmol/L) followed by cyanobacteria (EC50 = 315.78-344.45 µmol/L) and chlorophytes (EC50 >344.45 µmol/L) for trimethoprim. While the results of our study partly support the current approach to regulatory environmental risk assessment where cyanobacterial species are recommended for use on antibiotic compounds, they indicate that for some antibiotics this group might not be the most appropriate test organism. We would therefore advocate that environmental risk assessments consider data on three algal groups (chlorophytes, cyanobacteria and diatoms) and use test species from these groups that are consistently found to be the most sensitive (Pseudokirchneriella subcapitata, Anabaena flos-aquae and Navicula pelliculosa).
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1 Introduction
Antibiotics have a selective toxic mode of action on bacteria or other single-celled microorganisms [1]. Following their use in human and veterinary medicine, these substances are emitted into the aquatic environment via a range of pathways [2]. The occurrence of antibiotic residues (unaltered antibiotics) has been reported in surface waters across the globe [3], where their exposure to non-target organisms may occur. While antibiotics are designed to interact with receptors in pathogenic bacteria, the fact that similar receptors and/or pathways might also be conserved in non-target organisms means that the presence of antibiotics in the natural environment could result in potential adverse effects on ecosystems [2]. 
Studies have demonstrated that, compared to fish and daphnia, algal species exhibit higher sensitivity towards antibiotics [4, 5]. Available data on toxicity of antibiotics to chlorophytes (primarily P. subcapitata and D. subspicatus) show EC50 values generally occur at the mg/L level [6].  Effects of antibiotics on cyanobacteria have also been reported and these organisms have been found to be particularly sensitive to antibiotics with EC50 values reported at the µg/L level [6]. A limited amount of data are also available on toxicity of antibiotics to diatoms with reported EC50 values in the mg/L range. As a consequence of the observed high sensitivity of cyanobacteria to antibiotics, blue green algal species are recommended as one of the test species that should be used in the environmental risk assessment of antibiotics as part of the marketing authorisation process [7]. 
In instances where data are available on the toxicity of a single antibiotic to a range of algal and cyanobacterial species, large differences can be observed in the EC50 values for the different species tested. These differences could be attributed to four potential reasons: 1) differences in antibiotic bioavailability, which is related to the pKa of the chemical and pH values in the test medium during the test period [8]; 2) the characteristics of binding sites in the primary targets, where highly conserved antibiotic ligand-binding pockets in some algal species may result in a higher sensitivity [9]; 3) Elimination process (enzymatic inactivation) in the various algal species that could reduce the impacts of different antibiotics by direct degradation or modification of their structure [10]; or 4) the presence of efflux pumps, which are the transport proteins used to extrude intracellular toxic substrates, including antbiotics. Differences in efflux pumps present in the various algal species could contribute to their different responses to antibiotic exposures [11]. 
While the differences in sensitivity of algae to antibiotics are recognised, our understanding of these differences is limited with data being available for only a handful of species and groups [8, 12-14]. There is therefore a need for investigations examining the sensitivity of a battery of algal species, from a range of groups (e.g. chlorophytes, cyanobacteria and diatoms) to a range of antibiotics. Data from these types of studies could be invaluable in informing the development of more intelligent environmental risk assessment strategies for antibiotic compounds.
In the present study, therefore we present the results of a systematic study into the sensitivity of algal/ cyanobacterial species to three major-use antibiotics, tylosin, lincomycin and trimethoprim, with contrasting mechanisms of action. These substances have been highly ranked in a recent prioritisation study of pharmaceuticals in the natural environment where they all demonstrated risk scores greater than one, based on ecotoxicity to algae [6]. Tylosin is an antibiotic administrated as a veterinary prophylactic (intestinal and respiration infections) and growth enhancer [15, 16]. The primary mode of action is inhibiting bacterial protein synthesis by binding to the 50S ribosome. Lincomycin is a veterinary lincosamide antibiotic and its side effect on algae is thought to occur through the inhibition of the synthesis of the D1 protein in photosystem Ⅱ, which handles the algal recovery ability from light-inhibition [15]. Trimethoprim is used for the treatment of urinary tract infections, uncomplicated pyelonephritis and mild acute prostatitis [17]. It is a dihydrofolate reductace inhibitor, binding to susceptible bacteria and influencing folate synthesis (Table 1). The three antibiotics have beendetected in the surface waters of the US and elsewhere with concentrations ranging from 0.05 to 0.7 µg/L (Table 1). 
Six algal species recommended in the OECD 201 guideline [18] including chlorophytes (Pseudokirchneriella subcapitata, Desmodesmus subspicatus and Chlorella vulgaris), cyanobacteria (Synechococcus leopoliensis and Anabaena flos-aquae) and a diatom (Navicula pelliculosaand  Phaeodactylum tricornutum) were chosen for use in the ecotoxicity studies. All these seven species are ecologically relevant and their distribution have been widely reported in five continents (Asia, Europe, Africa, North America and Oceania) [19]. The hypothesis for the present study was that cyanobacteria would be more sensitive than chlorophytes and diatoms, and that the two cyanobacterial species would exhibit similar sensitivities.
2. Materials and methods
2.1. Chemicals
Tylosin tartrate (referred to as tylosin, 86.4%) (CAS-no. 1405-54-5), lincomycin hydrochloride (referred to as lincomycin, ≥95%) (CAS-no. 859-18-7), trimethoprim (≥98%) (CAS-no. 738-70-5) and potassium dichromate (≥99.8%; used as reference substance) were purchased from Sigma-Aldrich. Ammonium acetate and formic acid (≥95%) as analytical reagent grade were purchased from Fisher Scientific UK and Sigma-Aldrich, respectively. Acetonitrile, methanol and water (HPLC Gradient grade) were purchased from Fisher Scientific UK. 
2.2 Algal cultures
Algal toxicity tests were conducted using three chlorophytes: P. subcapitata (CCAP 278/4), D. subspicatus (CCAP 258/137) and C. vulgaris (CCAP 211/11b); two cyanobacteria: S. leopoliensis (CCAP 1405/1) and A. flos-aquae (CCAP 1403/13A); two diatoms N. pelliculosa (CCAP 1050/9) and P. tricornutum (CCAP 1052/1b) obtained from the Institute of Freshwater Ecology (Culture Collection of Algae and Protozoa, UK). P. subcapitata, D. subspicatus and C. vulgaris were cultured in Kuhl medium, pH 6.8 [20]; S. leopoliensis and A. flos-aquae were grown in Jaworski’s Medium (JM), pH 7.8 [21]; N. pelliculosa and P. tricornutum were grown in Enriched Seawater-Artificial Water (ESAW) plus f/2 medium, pH 8.2 [22]. 
Cultures of algae were grown at 20 (C under gentle and continuous shaking (100 cycles per minute (cpm)) in a culture chamber, with a controlled temperature (20 ± 2 (C) and a constant illumination (76 µmol m-2s-1). Triplicate cultures were prepared in conical flasks (250ml) containing 100 ml of medium and 1 ml algal cells. To avoid contamination, the flasks were washed in Decon, rinsed with hydrochloric acid (50mM) and then autoclaved (at 121 (C for 30 min) before use. The algal numbers for the cultivation phase were counted daily with a hemacytometer under a microscope, and growth curves (cell numbers over time) were plotted to identify the logarithmic phases (usually over 2-4 days cultivation). The algal stocks were subcultured on a weekly basis.
2.3 Procedures for the growth inhibition test
Growth inhibition tests were undertaken following the OECD 201 Guideline for freshwater alga and cyanobacteria, growth inhibition tests [18] for the study antibiotics and the reference toxicant (potassium dichromate). The inhibition experiments were conducted in two steps: range-finding and EC50 determination. Range-finding was used to estimate the EC50, and then at least six selected concentrations (maximum 93.79, 225.73 and 344.45 µmol/L for tylosin, lincomycin and trimethoprim, respectively) of samples (triplicates each) around the predicted EC50 in geometric series were used for the definitive EC50 test. The concentration-response curve based on growth (cell density) over t days (t=1, 2, 3, 4) was then generated based on the definitive data.
Prior to use, all glassware and stoppers used in the tests were autoclaved at 121 (C for 30 min. The antibiotics in the media were prepared and filtered into a 25 mL vial, using a 0.2 µm sterilized syringe filter. The pre-cultured algal inocula, taken from logarithmic growing cultures, were diluted to 15 mL with the prepared antibiotic solutions in a 25 mL vial. The initial algal concentrations for P. subcapitata and D. subspicatus were set at 5000 cells/mL, 2× 104 cells/mL for C. vulgaris and A. flos-aquae, 1× 104 cells/mL for N. pelliculosa and P. tricornutum and 5× 105 cells/mL for S. leopoliensis. The test vials were then capped with air-permeable stoppers made of cotton and muslin. All the operations were performed on a sterilized bench.
The prepared vials were put in the culture chamber under the same conditions as used for the culturing. Bioassays lasted for 96 h, and the cell numbers were measured every 24 h using UV-Vis spectrophotometry. Cell density was calculated from a calibration curve of known cell density counted by a haemocytometer against adsorption (turbidity) measured by an ultraviolet and visible (UV-Vis) spectrophotometry for each species (R2>0.999).Measurement of turbidity (adsorption) using a spectrophotometer with an appropriate selected wavelength is a reliable method to determine cell density [23]. Each algal culture was diluted and scanned between the 600-800 nm ranges. The wavelengths with the highest absorbance were selected for experiments. The wavelength for absorption measurement was 750 nm for P. subcapitata, 720 nm for C. vulgaris, 682 nm for D. subspicatus, N. pelliculosa, P. tricornutum, A. flos-aquae and S. leopoliensis.
The prepared concentration of tested samples before the test was confirmed by chemical analysis. Samples with the highest and lowest concentrations were analysed again after the test to determine the antibiotic stability. In several algal toxicity tests, the recoveries of antibiotics in the highest and lowest test concentrations were less than 80% after 4d test. In these cases, the first-order degradation reaction (Equation 1) was used to estimate a dissipation rate constant (k). The k was then applied in Equation 2 to estimate the time-weighted average concentration (TWAC) over t days (where t=1, 2, 3, 4). By comparing the TWAC with the nominal concentration, a correction factor was then obtained for use in the concentration response analyses. Observations from the low concentration recovery tests were used for correcting the three lowest concentrations used in the ecotoxicity study while concentrations for the high concentration recovery were used for correction of the three highest concentrations.
Ct = C0 X e-kt                                                                                               Equation 1
Cavet = C0 X (1- e-kt) / kt                                                     Equation 2
Where C0: initial concentration (µmol/L); Ct: concentration at the t day (µmol/L); Cavet: average concentration over t days (µmol/L); k: rate constant (/day) t: time (day) [24].
2.4 Antibiotic analyses
Samples were analysed by High Performance Liquid Chromatography (HPLC) using an Agilent 1100 with C18 Supelco Discovery column (15 cm × 4.6 mm × 5 µm). Tylosin and trimethoprim were analysed using a 24 min gradient method. The mobile phase consisted of methanol (A) and a buffer (B) (50 mM ammonium acetate plus 0.01% formic acid, pH 6.5 adjusted with 2.5% ammonium solution). The gradient was as follows: 5 minute equilibration at a 10:90 ratio (A:B); 2 minutes at 50:50; 20 minutes at 90:10; and 2 minutes at 10:90. A retention time of 13 min with a flow rate of 1 ml/min and detection wavelength of 280 nm was used for tylosin and 6.4 min, 1 mL/min, 238 nm was used for trimethoprim. Lincomycin was analysed by an isocratic method using 0.1% formic acid plus acetonitrile at a ratio 75:25 with a retention time of 4 min, flow rate of 1.2 mL/min and a detection wavelength of 196 nm. A range of antibiotic standards was prepared to derive calibration curves for each of the analytical methods. A linear relationship between concentrations and peak areas was obtained for each analyte (R2> 0.999); the mean recovery was more than 98% for tylosin and trimethoprim and 95% for lincomycin. The limit of detection (LOD) of tylosin, trimethoprim and lincomycin in the nutrient medium were 0.44, 0.55 and 1.15 µmol/L, respectively. The limit of quantification (LOQ) value of three above antibiotics was each 1.41, 1.86 and 3.86 µmol/L. 
For measuring low concentration solutions (less than 0.28 µmol/L) of tylosin and lincomycin (less than 0.68 µmol/L) for the cynobacterial tests, solid phase extract (SPE) was used to concentrate the samples prior to analysis. Oasis HLC 3cc extraction cartridges were used purchased from Waters (UK). The SPE procedures were as follows: cartridge conditioning was undertaken by adding 6 mL methanol followed by 6 mL water. The sample (100 ml) was then loaded onto the SPE. The cartridges were then rinsed with 6 mL water and eluted using 6 mL methanol. Eluates were then concentrated, by evaporation with nitrogen in a fume hood, to dryness before being taken up in 1 mL methanol. The mean SPE recovery for tylosin and lincomycin were 119% and 138%, respectively.   
2.5 Statistical methods
The data were analysed with Sigma-plot software. The concentration response curve was obtained by fitting regression analysis of sigmoidal functions (sigmoid, logistic, weibull, gompertz, hill and chapman equations) embedded in the Sigma plot software version 12.0. The best fitting model (highest coefficient of determination (R2)) was used for EC50, EC10 and EC5 calculation. Significant differences between inhibition percentages calculated based on the cell density in treatments and controls were determined using the Dunnett test with a p value <0.05 taken as being statistically significant. NOEC, LOEC values were derived from this statistic analysis.
To explore whether pH in the three different algal media (Kuhl, 6.8; JM, 7.8; ESAW+f/2, 8.2) were significantly different, pH values of controls (n=3) in each algal test were compared using Tukey’s test (p value <0.05).
3 Results and discussion
3.1 Chemical analyses
At the high test concentrations, decreases in antibiotic levels over the 4 d study period were observed for tylosin (C. vulgaris 74.4%, A. flos-aquae 74.8%, S. leopoliensis 53.14%) and trimethoprim (P. subcapitata 37%). Measured concentrations of unaltered antibiotics for most other antibiotic/algal combinations remained within 80 - 120% of the initial concentration (Figure 1). For the low test levels, decreases in concentration were observed for tylosin (A. flos-aquae 27.2%, S. leopoliensis 15.54%), lincomycin (N. pelliculosa 66.86%, P. tricornutum 64.18%) and trimethoprim (P. subcapitata 48.11%, A. flos-aquae 43.55%, S. leopoliensis 42.83%; Figure 1). The reductions in concentrations could be due to a range of processes including abiotic (photolysis, hydrolysis) or biotic (i.e. metabolism by the algae) degradation or due to sorption or uptake to/into the algal cells. 
The three study compounds are known to be hydrolytically stable [25-27]. However, the photolysis of the three antibiotics has demonstrated previously. The photolysis of tylosin under simulated sunlight has been reported by Werner et al. [28], where tylosin underwent a rapid decrease in the first 4 min of the study followed by photochemical loss at a slower time scale over 120 min. Tylosin equilibrated to approximately one-half of the original concentration for over 48 h and importantly, photochemical equilibrium was independent of initial concentration and pH value. In a photolysis study of trimethoprim in two matrices (distilled water and sea water) under simulated sunlight, 50% of the original trimethoprim concentration disappeared after 780 min of exposure [29]. However, a longer half-life was observed in the sea water solution due to the influence of salt content [29]. Direct photolysis of lincomycin has been studied by Paola et al. [30], They found that parent compound with initial concentration 49.2 µmol/L dropped 40% after 5h exposure to UV light. This evidence indicated that photolysis of antibiotics may occur in algal tests during the 4d study period but this degradation is dependent on media type and the concentration of the antibiotic.
While studies on biodegradation of three antibiotics in algal species are rare, information on their biodegradation in activated sludge have been well established. All three antibiotics show a high resistance to biodegradation in activated sludge in several studies, and they were classified as non-biodegradable compounds [31-33]. The losses of antibiotics in our studies were therefore unlikely due to biodegradation in algae.
While no significant difference in pH values in JM’s (7.8) and ESAW+f/2 (8.2) media used for culturing cyanobacteria and diatoms was found, the pH in Kuhl medium used for culturing chlorophytes (6.8) was significantly different from others. The pH of the exposure medium for all the treatments varied slightly over the study period (Figure 2). For chlorophytes D. subspicatus and C. vulgaris the rise of pH was within 1 unit and for diatoms N. pelliculosa and P. tricornutum the variation of pH values were within 0.9 units. These variances were within the scope of OECD 201 guideline. However, no evident pH increases were observed for the tests on P. subcapitata, A. flos-aquae and S. leopoliensis with changes < 0.2 units. The low pH increases for these species is believed to be due to their relative low growth rates compared to other species [12]. The pH variations agreed with published work e.g. Halling-Sorensen et al. [8] investigated the effects of eight antibiotics including tylosin on the growh of cyanobacteria Microcystis aeruginosa with a initial pH 8.1–8.3, where almost no increase in pH was observed for M. aeruginosa due to a lower growth rate. Kolar et al. [34] explored the influence of trimethoprim on chlorophyte P. subcapitata and cyanobacteria A. flos-aquae, where the pH values were in the range of 7.6-8.3 and 7.1-7.4, respectively. 
The reference substance, potassium dichromate, has previously been tested on the three chlorophytes with the EC50 values in the range of 1.33-4.86 µmol/L for D. subspicatus [35], 0.54-2 µmol/L for C. vulgaris [36] and 1.29-8.87 µmol/L for P. subcapitata [35]. In the present study, EC50 values for D. subspicatus and P. subcapitata were 4.59 µmol/L and 5.23 µmol/L respectively. For C. vulgaris a higher EC50 value 8.29 µmol/L was obtained, the discrepancy might be due to the differences in the selection of algal strain. No toxicity data of potassium dichromate on cyanobacteria and diatoms have been reported with which to compare our data. In the present study EC50s were found within the range from 15.94 µmol/L to 33.99 µmol/L and greater than 33.99 µmol/L for cyanobacteria and diatom species, respectively.
3.2 Toxicity tests analysis 
All three antibiotics were found to inhibit the growth of selected algal species after 4 day exposure (Tables 2-4; Figure 3). Lincomycin inhibited the growth of all seven test species with EC50 values ranging from 0.095 µmol/L to 225.73 µmol/L; Tylosin inhibited the growth of selected species with EC50 values ranging from 0.09 µmol/L to 81.2 µmol/L; The EC50 values of seven species exposed to trimethoprim ranged from 7.36 µmol/L to 344.45 µmol/L (Tables 2-4). Here a wide range of algal toxicity values (as much as 4 orders of magnitude) was found for these compounds. While clear stimulation effects (hormesis) in the lower range of test concentrations were observed in some algal tests such as N. pelliculosa/ tylosin and P. triconutum for trimethoprim, most of the negative growth inhibition observed in the present study were around 20% or less. Low dose stimulation effects were therefore ignored in EC50 calculation [18].
Slopes of the concentration-effect curves are of importance in algal tests. It is assumed that chemicals with the same “mode of action” have a comparable slope for a particular species [37]. While no universal measure for slope of a concentration-response curve exists, it can be defined as a ratio between two EC values (e.g. the EC50/EC5 ratio), which has been reported in a range of literatures [38]. Most of the EC50/EC5 ratios in the present study ranged from 1.77 to 18, which agreed with the average value (7.2) in bioassay of algae [37]. However, no clear trend in slope variance was observed for chlorophytes, cyanobacteria and diatoms (Tables 2-4).The toxicological effects of the test antibiotics on selected algal species have been reported previously (Table 5). For tylosin, three studies have been reported on P. subcapitata with 72h EC50 ranging from 0.0083 µmol/L to 1.51 µmol/L [8, 39]. EC50 values for two of the studies are within an order of magnitude of the EC50 of 4.14 µmol/L we obtained for tylosin. The EC50 of 0.0083 µmol/L reported by van den Grinten et al. [39] is surprisingly low in comparison to our study. Halling-Sorensen [8] reported the effects of tylosin on the cyanobacteria Microcystis aeruginosa with a 72h EC50 value of 0.037 µmol/L (Table 5).  This value is lower than the EC50s for A. flos-aquae and S. leopoliensis in the current study of 0.092 µmol/L and 0.09 µmol/L respectively. 
For lincomycin, 72h EC50 previously reported EC50s for P. subspicata are within an order of magnitude of the value we obtained (Table 5). Data are also available for toxicity to S. leopoliensis and a diatom species [40]. Our 96h EC50 0.095 µmol/L for S. leopoliensis was around a factor of 4 lower than the previously reported value. For diatoms we saw no inhibition effects for either diatom species (EC50 >225.73 µmol/L), for N. pelliculosa and P. tricornutum) whereas Andreozzi et al. [40], obtained an EC50 of 4 µmol/L although it is important to recognize this was a different species Cyclotella meneghiniana than we used. 
For trimethoprim previously reported EC50s for chlorophytes ranged from > 31 µmol/L to 444.34 µmol/L (Table 5), whereas we obtained an EC50 >344.45 µmol/L. For blue green algae, our lowest 96h EC50 value was 315.78 µmol/L for A. flos-aquae which is similar to a previously reported value for this species of 871.45 µmol/L.
Toxicity data for three earlier time points are summarized in Tables S1-3 (Supplemental Data). In most cases no evident algal toxicities were observed at the maximum test concentration over the first 2 days of the exposure. While the toxicity effects of antibiotics to algal species were continuously increasing from 3d to 4d exposure, the EC50 values were very similar. For example, over 3d and 4d exposure of N. pelliculosa to trimethoprim, EC50 values only decreased from 9.4 to 7.36 µmol/L (Figure 4).
Hypothesis-based no effect concentration (NOEC) and low effect concentration (LOEC) are common statistical approaches used to summarize ecotoxicological effects. However, the use of NOEC data has been criticized as experiments conducted using poor laboratory practice would report larger variability [41]. Therefore, the difference between the control and treatments would have to be larger in order to be significant different. Instead of using NOEC, a range of studies have called for using regression-based effect concentration (ECx) value as an alternative (e,g. EC10) [42]. In the present study therefore, in addition to determining the NOEC and LOEC values, we also have derived the EC10 value for each algal test (Tables 2-4). Most of the NOEC and EC10 data are within an order of magnitude of each other. 
3.3 Species sensitivity comparisons towards antibiotics at EC50 level 
Sensitivities of the seven algal species exposed to the three antibiotics at EC50 level were assessed. For the three chlorophytes, P. subcapitata was slightly more sensitive to tylosin and lincomycin exposure than D. subspicatus, while C. vulgaris was not sensitive at the highest concentrations tested (Tables 2-4). For the cyanobacteria, while A. flos-aquae was slightly more sensitive to trimethoprim exposure than S. leopoliensis, sensitivities of the two cyanobacteria to tylosin and lincomycin exposures based on EC50 values were of the same order of magnitude (Tables 2-4). The two diatom species were not affected by lincomycin at the highest concentration tested. But based on data for tylosin and trimethoprim, N. pelliculosa was more sensitive than P. tricornutum (Tables 2-4). 
In general, cyanobacteria were more sensitive than chlorophytes to lincomycin with the EC50 ranging from 0.095 µmol/L to 0.13 µmol/L. No effects of lincomycin were seen on diatoms (Tables 2-4). The result of sensitivity across algal classes agreed with the literature. For example, Andreozzi et al. [40] found the 4d EC50 value of lincomycin on the growth of cyanobacteria S. leopoliensis were around eight times lower than that for P. subcapitata. 
Cyanobacteria were also found to be most sensitive algae tested to tylosin with EC50 values ranging from 0.09 µmol/L to 0.092 µmol/L which was more than 5 times lower than EC50 values for chlorophytes and diatoms (Tables 2-4). The sensitivities of chlorophytes and diatoms towards tylosin were similar (Tables 2-4). These results are consistent with the findings of Halling-Sorensen [8], who observed that the cyanobacteria M. aeruginosa was ten times more sensitive to tylosin than the chlorophyte P. subcapitata. 
For trimethoprim, no effects were seen on the growth of chlorophyte and cyanobacteria species at the maximum test concentration (344.45 µmol/L) whereas the diatom species were found to be much more sensitive to trimethoprim exposure with EC50 values ranging from 7.36 µmol/L to 74.61 µmol/L. 
The differences in the sensitivities within and across algal classes to the antibiotics tested might be attributed to a number of explanations, including: differences in antibiotic uptake; differences in the binding pockets in the primary targets; differences in antibiotic elimination; and differences in active efflux pumps. These are discussed below.
In the present study, the tests were performed in different media with different pH values. It has long been recognised that the pH of a system can affect the toxicity of ionisable compounds such as the study antibiotics. The initial pH values of culture media for chlorophyte, cyanobacteria and diatom species were different:  6.82 (Kuhl medium for chlorophyte), 7.8 (JM medium for cyanobacteria) and 8.2 (ESAW+f/2 medium for diatoms), respectively. For acidic antibiotics such as tylosin and lincomycin, which have pKa values ranging from 7 to 8 (Table 1), media with higher pH values would promote ionisation of the antibiotics which would reduce uptake into the cells [8]. Species tested in lower pH media might therefore be expected to accumulate more antibiotic than higher pH media and hence toxicity, expressed based on the concentration of the antibiotic in water, would be increased. In instances where the pH of the test system changes significantly over time, this will also affect uptake. Based on the pH of the test media, uptake of tylosin and lincomycin by chlorophyte would be expected to be greater than by cyanobacteria and diatoms based on the proportion of substance present in the neutral form (Tables 2-4). As the chlorophyte were never the most sensitive group to lincomycin and tylosin, it seems that the observed differences in toxicity are not explained by differences in uptake alone. For the weak base trimethoprim, a higher pH would increase the percentage of neutral compound. The neutral percentage of trimethoprim increased from 32.37% in Kuhl medium to 82.72% in JM medium, and reached 92.32% in ESAW+f/2 medium. The higher neutral percentage of trimethoprim in ESAW+f/2 medium may therefore contribute to a higher toxicity observed for the diatom species (Tables 2-4).
The toxicity of antibiotics in the non-target organisms is most frequently due to interactions with the specific drug target [43]. While orthologous drug targets (protein) are evolutionarily conserved in different species, they are likely to bind to the same exogenous chemicals by binding the same or similar endogenous ligands [9]. Well-conserved targets in a given species might, therefore, increase the risk of pharmacological effects in aquatic organisms after exposure to pharmaceuticals [43]. Though currently no studies have reported the conservation of pharmaceutical ligand-binding sites in the algal species, the pockets of endocrine disrupting chemicals (EDCs) have already been found to be highly conserved in aquatic toxicity testing organisms such as amphibians and fish [9].
The sensitivity of algal species to antibiotics may also be attributed to differences in antibiotic elimination (enzymatic inactivation) by direct degradation or modification of compounds [10]. Some organisms (e.g. bacteria) could produce enzymes that degrade the antibiotics and further inactivate them. A wide range of antibiotics have hydrolytically susceptible chemical bonds (e.g. esters and amides), the integrity of which are important for biochemicalactivity. However, for some compounds such as beta-lactam antibiotics (e.g. penicillin), the beta-lactam ring could be cleaved by beta-lactamases. Macrolide esterase hydrolyses the macrolide antibiotic (e.g. erythromycin) by opening the ring [10]. Other antibiotic resistant enzymes are the group transferases, which impair target binding by structural alteration. A wide range of enzymes such as chloramphenicol acetyltransferases and streptogramin acetyltransferases inactivate antibiotics by this pathway [10]. While the above antibiotic elimination has been only reported in bacteria, the potential occurrence in the algal species may result in different sensitivities towards antibiotics.
The different sensitivity of algal species towards antibiotics may be due to differences in active efflux pumps. Efflux pumps are transport proteins used to extrude intracellular toxic substrates including antibiotics to the extracellular environment [11]. Several efflux pumps covering a variety of substrates were found in prokaryotic bacteria, and they are believed to lead to acquired bacterial antibiotic resistance due to the broad variety of substrates they recongnise [11]. In eukaryotic cells, some efflux pumps were found to modulate the accumulation of antibiotics in phagocytic cells [44]. As efflux pumps are specific for one substrate or multiple classes of antibiotics, differences in efflux pumps included in each organism might explain their sensitivities towards antibiotic exposures [11]. Though no antibiotic efflux studies have been reported in the algae, the potential appearance of different efflux pumps in the algal species may determine their sensitivities to antibiotic exposure.

The observations of differences in species sensitivity seen in the present study are probably due to a combination of these factors. We would therefore advocate that more work be done to assess the toxicokinetics and toxicodynamics of antibiotics in different algal species, and other pharmaceuticals, in order to provide a better understanding of the key drivers of species sensitivity.
3.4 Implication for environment risk assessment 
As can be seen from Table 5, previously reported toxicity data for antibiotics for algal species have been predominately available for chlorophytes and cyanobacteria. The observed sensitivity of cyanobacteria to antibiotics has resulted in these organisms being recommended for use in assessing the environmental risks of antibiotics as part of the Market Authorisation process for new antibiotics [45]. This conclusion is partly supported by our present toxicity results for lincomycin and tylosin. However, trimethoprim appears to be significantly more toxic to diatoms than the chlorophytes and cyanobacteria (Tables 2-4) so the assumption that cyanobacteria are the most sensitive species does not seem to hold true for all antibiotics. The current EMEA regulation [45] on the risk assessment of antibiotics by only considering chlorophyte and cyanobacteria as indicators might, therefore, underestimate the influence on diatoms. For the purpose of risk assessment of antibiotics on the algal species in the aquatic environment and based on the OECD 201 guideline, we recommend that the inhibition effects of antibiotics on the growh of at least three species, one from each algal class, be investigated. It would make sense that these tests are done on the species from each class that appear to be consistently most sensitive to antibiotic exposure i.e. P. subcapitata, A. flos-aquae and N. pelliculosa. It is also important to recognise that we have only worked with a selection of indicator species from three classes. Further work on other antibiotic classes and other species is warranted to better inform the development of risk assessment approaches.
5 Conclusions
The present study explored the effects of lincomycin, tylosin and trimethoprim on a battery of algal species using a standard test procedure. The results showed that algal sensitivity to antibiotics varied with EC50 values ranging from < 1 µmol/L level to > 344.45 µmol/L for three antibiotics. For lincomycin, cyanobacteria were found to be the most sensitive group followed by chlorophytes and then diatoms. For tylosin, cyanobacteria were found to be the most sensitive group, but diatoms were more sensitive than chlorophytes. Chlorophytes and cyanobacteria were not sensitive to trimethoprim at the top concentration tested (344.45 µmol/L) but diatoms were found to be sensitive with EC50 values ranging from 7.36 µmol/L to 74.61 µmol/L. It is concluded that the ecotoxicological information of antibiotics on model algal species (e.g. P. subcapitata and D. subspicatus) may not generalize to other algal groups in light of variations in species sensitivity. We would, therefore, recommend that future risk assessment of antibiotics in the aquatic compartment should include at least three species from different algal classes.
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Table 1. Structures, properties, mode of action and occurrence in the aquatic environment for the three study antibiotics.

	
	Tylosin tartrate
	Lincomycin hydrochloride
	Trimethoprim

	CAS-no.
	1405-54-5
	859-18-7
	738-70-5

	Structure
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	Molecular weight (g/mol)
	1066.19
	443
	290.32

	Pka
	7.73 [46] 
	7.6 [46]
	7.12 [46] 

	Solubility in H2O
	Very soluble

(50000 mg/L) [47] 
	Soluble (3.02 mg/L) [47] 
	Slightly soluble

(0.4mg/L) [48] 

	Mode of action
	Inhibit bacterial protein synthesis by binding to 50S ribosome [47]
	Inhibit bacterial protein synthesis by forming crosslinks within the peptidyl transferase loop region of the 23S rRNA [47]   
	Inhibit dihydrofolate reductase [17] 

	Maximum Occurrence in surface water (µg/L)
	0.05 (USA) [49] 
	<0.001 - 0.73 (US) [3] 
	0.71 (US) [3] 




Table 2. Summary of the effects of tested antibiotics in 4d ecotoxicological biotests. Toxicity data derived from testing lincomycin and potassium dichromate. All toxicity values are in µmol/L (values in parenthesis are the range of 95% confidence limits). Seven algal species are P. subcapitata (PS), D. subspicatus (DS), C. vulgaris (CV), N. pelliculosa (NP), P. tricornutum (PT), A. flos-aquae (AF) and S. leopoliensis (SL)
	Species
	Lincomycin
	Potassium

dichromate

	
	EC50


	EC10
	EC5
	NOEC
	LOEC
	Slope
(EC50/EC5)
	Model, R2
	Neutral fraction (%)
	EC50

	PS
	7.36
(4.88-11.98)
	0.88
	0.57
	1.35
	4.06
	12.91
	Weibull, 0.93
	86.32
	5.23
(3.37-n.a.)

	DS
	16.07
(11.2-23.72)
	0.19
(n.a.-0.77)
	0.13
	<1.35
	1.35
	123.62
	Weibull 0.93
	86.32
	4.59
(3.84-5.88)

	CV
	>225.73
	n.a
	n.a
	225.73
	>225.73
	n.a.
	n.a.
	86.32
	8.29
(n.a.-12.92)

	NP
	>225.73
	35.66
(13.77-66.78)
	16.07
(n.a-41.43)
	121.89
	180.59
	14.05
	Gompertz 0.64
	20.08
	>34

	PT
	>225.73
	n.a.
	n.a
	121.9
	180.59
	n.a.
	n.a
	20.08
	>34

	AF
	0.13
(0.11-0.15)
	0.03
	0.017
	0.045
	0.14
	7.65
	Weibull
0.971
	38.69
	15.94 

(13.05-19.61)

	SL
	0.095
(0.076-0.13)
	0.02
	0.013
	<0.14
	0.14
	7.31
	Hill
0.93
	38.69
	>34


n.a. not available.
Table 3. Summary of the effects of tested antibiotics in 4d ecotoxicological biotests. Toxicity data derived from testing tylosin. All toxicity values are in µmol/L (values in parenthesis are the range of 95% confidence limits). Seven algal species are P. subcapitata (PS), D. subspicatus (DS), C. vulgaris (CV), N. pelliculosa (NP), P. tricornutum (PT), A. flos-aquae (AF) and S. leopoliensis (SL)
	Species
	Tylosin

	
	EC50
	EC10
	EC5
	NOEC
	LOEC
	Slope
(EC50/EC5)
	model
	Neutral fraction (%)

	PS
	4.14
(3.4-5.06)
	0.91
(0.45-1.37)
	0.4
	0.56
	1.69
	10.35
	Gompertz
0.963
	89.49

	DS
	12.19
(10.57-15.42)
	4.05
(1.95.-7.33)
	3
	<9.38
	9.38
	4.06
	Chapman
0.955
	89.49

	CV
	>81.2
	n.a.
	n.a
	>81.2
	>81.2
	n.a
	n.a.
	89.49

	NP
	1.33
(1.14-1.76)
	0.83
(0.6-1.06)
	0.75
	0.56
	1.13
	1.77
	Chapman
0.916
	25.31

	PT
	5.7
(3.67-9.6)
	0.21
(n.a-0.43)
	0.08
	0.28
	0.56
	71.25
	Hill
0.89
	25.31

	AF
	0.092
(0.073-0.12)
	0.02
	0.012
	0.037
	0.074
	7.67
	Hill
0.96
	45.98

	SL
	0.09
(0.068-0.13)
	0.011
	0.005
	0.009
	0.026
	18
	Chapman
0.95
	45.98


n.a. not available.
Table 4. Summary of the effects of tested antibiotics in 4d ecotoxicological biotests. Toxicity data derived from testing trimethoprim. All toxicity values are in µmol/L (values in parenthesis are the range of 95% confidence limits). Seven algal species are P. subcapitata (PS), D. subspicatus (DS), C. vulgaris (CV), N. pelliculosa (NP), P. tricornutum (PT), A. flos-aquae (AF) and S. leopoliensis (SL)
	Species
	Trimethoprim

	
	EC50
	EC10
	EC5
	NOEC
	LOEC
	Slope
(EC50/EC5)
	model
	Neutral fraction (%)

	PS
	>218.28
	n.a
	n.a
	218.28
	>218.28
	n.a
	n.a.
	32.37

	DS
	>344.45
	n.a
	n.a
	>344.45
	>344.45
	n.a
	n.a.
	32.37

	CV
	>344.45
	n.a
	n.a
	>344.45
	>344.45
	n.a
	n.a.
	32.37

	NP
	7.36
(6.74-8.28)
	4.55
(3.65-5.5)
	4
	4.13
	6.89
	1.84
	Chapman
0.96
	92.32

	PT
	74.61
(55.47-105.23)
	17.19
(7.62-30.59)
	11.44
	20.67
	62
	6.52
	Chapman
0.894
	92.32

	AF
	315.78
(285.16-n.a.)
	63.13
	32.5
	46.79
	137.78
	9.72
	logistic
0.9
	82.72

	SL
	>344.45
	97.58
	28.67
	206.67
	275.56
	12
	Sigmoid

0.74
	82.72


n.a. not available.
Table 5. Ecotoxicity data of tested antibiotics to algal growth in literature

	Species
	Test duration
	EC50 (µmol/L)
	Reference

	Lincomycin
	
	
	

	P. subcapitata
	4 d
	3.71
	[40] 

	Cyclotella meneghiniana
	4 d
	4
	[40] 

	S. leopoliensis
	4 d
	0.49
	[40] 

	Tylosin
	
	
	

	P. subcapitata
	3 d
	0.0083
	[39] 

	P. subcapitata
	3 d
	1.51
	[8]  

	P. subcapitata
	3 d
	0.38
	[13] 

	Microcystis aeruginosa
	3 d
	0.037
	[8] 

	Trimethoprim
	
	
	

	P. subcapitata
	3 d
	>31
	[39] 

	P. subcapitata
	3 d
	276.59
	[13] 

	P. subcapitata
	3 d
	444.34
	[34] 

	A. flos-aquae
	3 d
	871.45
	[34] 
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Figure 1. The residual percentage (%) of the three antibiotics in growth inhibition cultures of the seven algal species (samples in lowest and highest concentration for each biotest). Data represent mean ± standard deviation (n=3). PS, P. subcapitata; DS, D. subspicatus; CV, C. vulgaris; NP, N. pelliculosa; PT, P. tricornutum; AF, A. flos-aquae; SL, S. leopoliensis. LIN, lincomycin; TYN, tylosin; TMP, trimethoprim.
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Figure 2. Changes in pH during 4 days of exposure to antibiotics. Data represent mean ± standard deviation (n=21). PS, P. subcapitata; DS, D. subspicatus; CV, C. vulgaris; NP, N. pelliculosa; PT, P. tricornutum; AF, A. flos-aquae; SL, S. leopoliensis. LIN, lincomycin; TYN, tylosin; TMP, trimethoprim.
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Figure 3. The 4d concentration-response curves for seven algal species towards single exposure
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Figure 4. Toxicity comparison (EC50 µmol/L) of three antibiotics to selected algal species based on 3 day and 4 day measurement. PS, P. subcapitata; DS, D. subspicatus; NP, N. pelliculosa; PT, P. tricornutum; AF, A. flos-aquae; SL, S. leopoliensis. LIN, lincomycin; TYN, tylosin; TMP, trimethoprim.
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