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ABSTRACT: Effects of single veterinary antibiotics on a range of
aquatic organisms have been explored in many studies. In reality,
surface waters will be exposed to mixtures of these substances. In this
study, we present an approach for establishing risks of antibiotic
mixtures to surface waters and illustrate this by assessing risks of *
mixtures of three major use antibiotics (trimethoprim, tylosin, and &
lincomycin) to algal and cyanobacterial species in European surface T
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waters. Ecotoxicity tests were initially performed to assess the combined > Socen (k)
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effects of the antibiotics to the cyanobacteria Anabaena flos-aquae. The
results were used to evaluate two mixture prediction models:

concentration addition (CA) and independent action (IA). The CA Sum of risk q;.l;)ctient
model performed best at predicting the toxicity of the mixture with the (RQ)= Zm

experimental 96 h ECS50 for the antibiotic mixture being 0.248 ymol/L
compared to the CA predicted EC50 of 0.21 ymol/L. The CA model
was therefore used alongside predictions of exposure for different European scenarios and estimations of hazards obtained from
species sensitivity distributions to estimate risks of mixtures of the three antibiotics. Risk quotients for the different scenarios
ranged from 0.066 to 385 indicating that the combination of three substances could be causing adverse impacts on algal
communities in European surface waters. This could have important implications for primary production and nutrient cycling.
Tylosin contributed most to the risk followed by lincomycin and trimethoprim. While we have explored only three antibiotics,
the combined experimental and modeling approach could readily be applied to the wider range of antibiotics that are in use.

1. INTRODUCTION respectively. This evidence indicates that algal species,
especially cyanobacteria, are more likely to be affected by
antibiotics than other aquatic organisms such as fish and
crustacea. While the mechanisms for these particular
observations are not totally understood, the high sensitivity of
cyanobacteria is likely due to that fact that these organisms have
receptor systems similar to those targeted by antibiotics in
bacteria. As algal and cyanobacterial species play a critical role
in key ecosystem functions such as primary production and
nutrient transformation, antibiotics could be adversely impact-
ing aquatic ecosystems.6

Antibiotics are used widely in veterinary medicine to treat
bacterial disease and protect the health of livestock." Following
treatment, antibiotics can be directly excreted to soil and
surface water or enter the environment when animal manures
and slurries are applied to land as a fertilizer. Antibiotics
emitted to the soil environment can subsequently be
transported to surface waters through runoff and subsurface
drainage.”

Low levels of veterinary antibiotics have been reported in

surface waters across the globe with concentrations ranging i )
from nmol/L to pmol/L levels.?> Effects of antibiotics on Agricultural surface waters are unlikely to be exposed to

aquatic organisms have also been reported. For examples, single antibiotics as some antibiotic products contain mixtures
Isidori et al.* demonstrated that the antibiotics erythromycin, of active subs.tances (e..g., .sulfonamides and trimethopr.im are
oxytetracycline, sulfamethoxazole, ofloxacin, lincomycin, and ofte-:n. gsed m comblnatlo_n) an(_i a number of different
clarithromycin can cause immobilization of the crustacea antibiotics are likely to be in use in a catchment at any one

Daphnia magna and Ceriodaphnia dubia with 48 h median time.”* When assessing the environmental risks of antibiotics, it
effective concentration values (EC50) ranging from 13.9 ymol/ is therefore important to consider the potential combined
L to 87.9 umol/L, but they showed no effects on fish Danio effects of these compounds. A number of studies have explored
rerio. Halling-Sorensen® studied the inhibitory effects of seven the effects of pharmaceutical mixtures, including antibiotics, on
antibiotics penicillin G, chlortetracycline, spiramycin, strepto-

mycin, tetracycline, tiamulin, and tylosin on the cyanobacteria Received: April 3, 2016

Microcystis aeruginosa and green algae Pseudokirchneriella Revised:  June 25, 2016

subcapitata, and obtained 72 h ECSOs ranged from 0.018 Accepted: July 12, 2016

pmol/L to 0.2 umol/L and 0.23 umol/L to 6.47 umol/L,

ACS Publications  © Xxxx American Chemical Society A DOI: 10.1021/acs.est.6b01649
3 Environ. Sci. Technol. XXXX, XXX, XXX—XXX



Environmental Science & Technology

aquatic organisms. Some of these have also explored the utility
of well-established empirical models including the concen-
tration addition (CA) and independent action (IA) models to
estimate the joint effects of pharmaceuticals. The CA model is
applicable to toxicants acting on the same biological site by the
same mode of action, while IA is applicable to toxicants with
different modes of toxic action.” For examples, Cleuver'®
assessed the joint toxicity of clofibric acid and carbamazepine
on the green algae Desmodesmus subspicatus, and showed that
the mixture toxicity could be predicted using the IA model.
Christensen et al.'" investigated the effects of binary mixtures of
citalopram, fluoxetine, fluvoxamine, paroxetine, and sertraline
on algae and daphnids, and showed that the combined toxicity
of the compounds could be predicted by CA. However, most of
these studies have not explored the implications of
pharmaceutical mixtures in terms of risk to ecosystems.

Methods for assessing the risks of mixtures of chemicals to
the natural environment have been proposed.” For example
REACH (Regulation No 1907/2006) presents a tiered
approach for assessment of industrial chemical mixtures.'” At
tier 1, a conservative approach, based on CA, is applied. Risk
quotients (RQ) for individual mixture components are
determined from predicted environmental concentrations
(PECs) and predicted no effect concentrations (PNECs) and
are then summed to determine the RQ of the mixture (RQ,;,)."
A similar approach could be used to evaluate the risks of
antibiotic mixtures.

In this study, we therefore present an approach combining
experimental ecotoxicity studies with modeling approaches to
characterize the risks of mixtures of veterinary antibiotics to
algal and cyanobacterial communities in surface waters in
Europe. We apply the approach to three major-use antibiotics
(tylosin, lincomycin and trimethoprim) which have been
detected in surface water worldwide (e.g, UK, US.") and
which represent active ingredients from the third and fourth
most widely used antibiotic classes in the UK. Trimethoprim
acts by inhibiting dihydrofolate reductase (DHFR),'® while
tylosin and lincomycin are designed to interact with bacterial
protein synthesis by binding to the 50s ribosome.'” While we
only explore three antibiotics, we believe that the strategy used
could be applied more widely in the assessment of risks of
antibiotics, and other active ingredients, used in veterinary
medicine.

2. MATERIALS AND METHODS

The study was performed in two phases. In Phase 1,
experimental studies were performed on a mixture of the
antibiotics and the results used to evaluate the CA and IA
models for estimating effects of mixtures of the study
compounds. In Phase 2, the best performing mixture model
was used alongside exposure models and scenarios for
European surface waters and species sensitivity distribution
analyses to establish the combined risks of the study antibiotics
to algal and cyanobacterial communities in surface waters
across Europe.

2.1. Evaluation of Mixture Toxicity Models Using
Experimental Data. An experimental investigation was
performed into the effects of a mixture of the study antibibiotics
on the cyanobacteria Anabaena flos-aquae. A. flos-aquae was
selected as our previous work has demonstrated that this
species is more sensitive to tylosin and lincomycin than other
cyanobacterial, diatom and chlorophyte species.'”

2.1.1. Chemicals. Tylosin tartrate (hereafter referred to as
tylosin, 86.4%) (CAS-no. 1405—54-S5), lincomycin hydro-
chloride (referred to as lincomycin, > 95%) (CAS-no. 859—
18—7), and trimethoprim (>98%) (CAS-no. 738—70—5) were
purchased from Sigma-Aldrich. Analytical Reagent grade
ammonium acetate and formic acid (>95%) were purchased
from Fisher Scientific UK and Sigma-Aldrich, respectively.
HPLC grade acetonitrile, methanol and water were purchased
from Fisher Scientific UK. These chemicals were used as the
mobile phase for high performance liquid chromatography
(HPLC).

2.1.2. Algae Culture. A. flos-aquae (CCAP 1403/13A) was
obtained from the Institute of Freshwater Ecology (Culture
Collection of Algae and Protozoa, UK) and grown in Jaworski’s
Medium (JM), pH 7.8'% at 20 °C + 2 °C under gentle and
continuous shaking (100 cycles per minute (cpm)) under
constant illumination (76 pmol m™2s~'). Cultures were
maintained in conical flasks (250 mL) containing 100 mL of
medium and 1 mL algal cells. Prior to use, all the flasks were
washed in Decon 90 and rinsed with hydrochloric acid (50
mM) and then autoclaved at 121 °C for 30 min. The cell
number was counted with a hemacytometer under a micro-
scope, the growth curve (cell density versus days) was plotted
to identify the logarithmic phases (usually after 2—4 days). The
algal stock was subcultured on a weekly basis.

2.1.3. Selection of Test Concentrations for Use in the
Mixture Toxicity Study. Exposure models described in the
CVMP Guidance Document'® were used to define relative
concentrations, on a molar basis, of the three study compounds
for use in the mixture toxicity study (See eq 1 in Supporting
Information (SI)). The CVMP exposure models estimate
concentrations based on information on the dose applied to the
animal, the treatment duration, application rates for manure
and slurry, and the sorption behavior of the substance. Metcalfe
et al.”® demonstrated reasonable agreement between the
predicted environmental concentration (PEC) calculated
using the models and measured environmental concentration
(MEC) for veterinary pharmaceuticals in surface waters. Based
on the exposure modeling a mixture comprising 1 part tylosin
to 4.31 parts trimethoprim and 4.18 parts lincomycin was
selected for testing,

2.1.4. Assessment of the Toxicity of the Mixture. The 96 h
ECS0 values for the single study compounds were determined
in the work described in Guo et al.'” (Table 1; Table S1 in SI).
Therefore, the ECS0 determination for the mixture was
conducted without a range-finding step. Thirteen concen-
trations of the mixture in a geometric series around the lowest
ECSO0 of the study compounds (i.e., tylosin) were used in the
ECSO0 test. The dose—response curve based on growth (cell
density) was then generated based on the definitive data.

The ecotoxicity test followed the OECD 201 Guideline for
freshwater alga and cyanobacteria, growth inhibition tests.”" All
glassware and stoppers used in the tests were autoclaved at 121
°C for 30 min prior to use. The antibiotics in the media were
prepared and filtered into a 25 mL vial using a 0.2 pm sterilized
syringe filter. The precultured algal inocula, taken from
logarithmic growing precultures, were diluted into 15 mL of
the prepared antibiotic solutions in the vials. The initial cell
density was set at 2X 10* cells/ml. The test vials were capped
with air-permeable stoppers made of cotton and muslin. All the
operations were performed on a sterilized bench. Afterwards,
the prepared vials were put into an incubator with the same
shaking and physical conditions as used for the culturing.

DOI: 10.1021/acs.est.6b01649
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Table 1. Best Fitting Concentration-Response Models,
ECO0S, EC50 and ECS0/ECO0S Ratio of the Tested
Antibiotics and the Mixture

ECO0S ECS0/
substance model (umol/L) EC50 (umol/L) ECO0S
trimethoprim  three- <1.56" 28595 (246.88- na.)” 183
parameter
sigmoid
tylosin three- 0.025*  0.13 (0.09-0.18)" 52
parameter
hill
lincomycin three- 0.036" 0.14 (0.11-0.15)“ 3.89
parameter
hill
mixture three- 0.05 0.248 (0.22—0.29) S
parameter
hill
CA calculated <0.061 021 3.44
1A calculated <0.12 0.34 2.83

“data obtained from Guo et al.'”

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 hemocytometer against adsorption
(turbidity) measured by an ultraviolet and visible (UV—vis)
spectrophotometer for A. flos-aquae (R* > 0.999). Measure-
ment of turbidity (adsorption) using a spectrophotometer with
an appropriate selected wavelength is a reliable method to
determine cell density.”” Algal cultures were diluted and
scanned between the 600—800 nm ranges. The wavelengths
with the highest absorbance were selected for experiments (682
nm). The pH values of 13 tested exposure solutions were
measured at the start and the end of the exposures.

Concentrations of the antibiotics in the exposure solutions
were confirmed using high performance liquid chromatography
(HPLC) using an Agilent 1100 with C18 Supelco Discovery
column (1S cm X 4.6 mm X S um) using methodologies
described in Guo et al.'” Recoveries for tylosin, lincomycin and
trimethoprim were 122 + 16% (mean + standard deviation),
191 + 37% and 80 =+ 24%, respectively. As the chemical
recovery of lincomycin was far above 100%, measured
concentration of lincomycin was used to modify the mixture
ratio (i.e., tylosin: trimethoprim: lincomycin, 1:4.31:6.65) in the
mixture model evaluation work.

Results from ecotoxicity test were analyzed using Sigma-plot
12.0 software. The experimental concentration—response curve
was obtained by fitting experimental results to a sigmoidal
regression, where the x-axis was the molar sum of each
component (#mol/L) and the y-axis was growth inhibition (%).

2.1.5. Evaluation of Mixture Models against the
Experimental Data. The CA and IA were evaluated against
the experimental data by plotting the concentration response
curve from the experimental mixture study against concen-
tration—response curves based on predictions, using the CA
and IA models, of the toxicity for each mixture exposure
concentration (the single compound data were taken from Guo
et al.'”). The 5% effective concentration values (EC0S) and
median effect concentration values (ECS0) with approximate
95% confidence intervals were also estimated for the
experimentally derived and modeled concentration response
curves. Modeled and experimental-derived EC50/ECOS ratios,
which provide a measure of slope, were then compared to
evaluate the predictive capability of the two models—the

assumption being that the mixture model resulting in a slope
closest to the slope for the experimental data worked best.

2.2, Assessment of Risks of Mixtures of the Study
Antibiotics to European Surface Waters. 2.2.1. Modeling
Exposure to the Three Antibiotics in European Surface
Waters. Concentrations of the study antibiotics in representa-
tive surface waters in agricultural areas in Europe were
estimated using models and scenarios recommended by the
Forum for Pesticide Fate Models (FOCUS).*® The application
rate, which is a required input for the models, was estimated
based on recommended dosages and treatment frequencies and
durations for each antibiotic, obtained from the Compendium
of Data Sheets for Animal Medicines 2012,>* using the
approach recommended by the European Medicines Agency.'”
For each antibiotic, the maximum application rate, the average
application rate and the minimum application rate of all
products and indications were used for the FOCUS modeling.
The medical products used to derive the maximum application
rates were Synutrim (trimethoprim) and Pharmasin (tylosin)
used for the treatment of broilers, and Lino-spectin 100
(lincomycin) for treating pigs.”* The medical products used to
derive the minimum application rates were Trimacare injection
(trimethoprim) and TYLAN 200 (tylosin) used for the
treatment of cattle, and Lincocin Premix (lincomycin) for pig
treatment.

Modeling of the eight scenarios (five covering systems with
soil drainage: D1, D2, D4, DS, D6; and three systems that are
vulnerable to runoff: R1, R3, R4) and different watercourse
types (ditch, pond and stream) was performed assuming winter
wheat as the crop. The eight scenarios have predefined soil
properties and weather data and are geographical representa-
tives of agricultural areas in the EU (the distribution of these
scenarios are shown in SI Figure S1). While the data of the
scenarios are taken from specific fields in the area, they have
been manipulated to mimic the characteristics of the broader
area (detailed information on the soil properties and weather
data for each scenario can be found in FOCUS).>

To run the models, the ground incorporation method of
application was selected and inputs from spray drift were set at
zero. No uptake by plants was assumed.'” Physico-chemical
properties of the antibiotics, needed for the modeling, were
derived from a variety of sources and are given in Supporting
Information (Table S2 in SI). Detailed estimation procedures
can be found in the FOCUS model manual.”> The 4 day time-
weighted averaged exposure concentrations (TWAEC) in the
water layer for each scenario and antibiotic were obtained and
used in the risk characterization work.

2.2.2. Derivation of Predicted No Effect Concentrations.
PNECs were obtained from species sensitivity distributions
(SSDs) for toxicity for each antibiotic. SSDs are models of the
variation in sensitivity of species to a particular stressor (here an
antibiotic). Data on the toxicity of the three antibiotics to algal
and cyanobacterial species were obtained from our previous
work,'” the literature and databases (e.g, EPA ECOTOX).*
For trimethoprim, 18 toxicity data values were obtained from
11 algal species. For tylosin and lincomycin, SSDs were plotted
based on seven toxicity data points obtained from five algal
species and eight toxicity data from seven algal species,
respectively (Table S3 in SI).

The preferred end point used to develop the SSDs was the
concentration causing a 10% inhibition (EC10) of biomass
(growth/cell density). Where EC10 values were not available,
no observed effect concentration (NOEC) values were used.

DOI: 10.1021/acs.est.6b01649
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SSD curves were fitted with the Excel macro “SSD generator
V1” developed by the US EPA.”” Where multiple data were
available for one species, the geometric mean was used as the
input value for the SSD calculation. The hazardous
concentration affecting 5% of the species (HCS) was estimated
from each SSD and this was divided by an assessment factor
(AF) of 5 to derive a PNEC for each antibiotic.”®

2.2.3. Mixture Risk Assessment for the Three Antibiotics.
CA was used as the basis for the risk characterization for the
mixtures of the three antibiotics for each of the FOCUS
scenarios. Initially, a risk quotient (PEC/PNEC) for each
veterinary antibiotic was calculated based on the concentration
estimated for the antibiotic in each scenario. The risk quotient
for the mixture (RQ,,;,) of antibiotics for a scenario was then
obtained by summing up the PEC/PNEC ratios for the
individual antibiotics.” If the RQ,,;, was lower than one then the
risk of the mixture to algae was deemed to be acceptable.'’

3. RESULTS AND DISCUSSION

3.1. pH Variation. With an increase in the exposure
concentration, the pH in the mixture studies decreased
gradually from 7.99 to 6.96. While a pH variation (1 unit)
was observed, it was within the validity range of the OECD 201
guideline (less than 1.5 units). A drift in pH can be caused by
CO, mass transfer from the surrounding air to the test
solution.”’ The variation in pH was consistent with our
previous study into the effects of the single antibiotics."”

3.2. Mixture Toxicity Analysis and Model Evaluation.
Concentration—response curves, based on the experiments as
well as CA and IA predictions, are shown in Figure 1. The
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Figure 1. Predicted and observed toxicity for the mixture of the study
antibiotics. Solid line (blue) = prediction according to concentration
addition (CA); dashed line (dark yellow) = prediction according to
independent action (IA); dashed-dotted line (red) = fit to the
experimental mixture ecotoxicity data; Solid line (green) = 95%
confidence band; solid symbols= treated samples. X axis (C,,) is the
sum concentrations of three antibiotics. Molar ratio of tylosin:
trimethoprim: lincomycin =1:4.31:6.65.

experimental 4 day ECS0 for the mixture was 0.248 pmol/L
(trimethoprim 0.089 umol/L, tylosin 0.021 umol/L, and
lincomycin 0.138 pmol/L) (Table 1). While both the CA
and IA concepts provided good estimations of the combined
effects of the different mixtures of tylosin, lincomycin and
trimethoprim (Table 1; Figure 1), the CA model better
predicted the toxicity of the mixture. The IA predicted an EC50

of 0.34 pmol/L which was 37.1% higher than the observed
ECS0, while CA predicted a slightly higher toxicity (ECS0 0.21
umol/L) which was within 15.3% of the observed ECS0. This
finding was consistent with other publications investigating
combination effects of pharmaceuticals and other contaminants
such as pesticides. For examples, Cleuvers' reported that the
toxic effect of a binary mixture of pharmaceuticals ibuprofen
and diclofenac on the chlorophyte D. subspicatus could be
predicted well using the CA concept. The binary mixture
toxicity of three selective serotonin reuptake inhibitors (SSRIs)
citalopram, fluoxetine and sertraline to freshwater algae P.
subcapitata was also shown to be predictable by CA model."'
The CA model has also been shown to work for a mixture of
more than 10 antibiotics with dissimilar modes of action’ and
to be an appropriate model for estimating effects of pesticides
on algal species.”

The fact that the CA model works well is probably explained
by the modes of action of the three antibiotics as well as the
relative concentrations. Trimethoprim acts by inhibiting
dihydrofolate reductase (DHFR),'® while tylosin and lincomy-
cin act by inhibiting bacterial protein synthesis by binding to
S0s ribosome.'”*® The relative concentrations mean that
tylosin and lincomycin, which act by the same mode of action,
are the two components within the mixture that dominate
toxicity (both ECS0s are 1000 times lower than that of
trimethoprim; Table 1).

Steepness is important in determining the predictability of
CA and IA models. 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 ECS0/ECOS ratio).””'
Brosche and Backhaus” reported that with an EC50/ECOS ratio
of 13.5, CA and IA models will predict quantitatively identical
toxicity despite their mutually exclusive conceptual ideas. CA
will predict a lower ECS0 (higher toxicity) for the mixture than
IA if the ratio for the concentration—response curve of the
mixture is lower. In this study the ECS0/ECO0S5 ratio of $
indicated a high steepness of the observed concentration—
response curve for the mixture (Table 1; Figure 1).” The
steepness of the mixture curve was within the range of slope for
each single component, e.g. the ratio of EC50/EC0S ranged
from 3.89 for tylosin up to 183 for trimethoprim. The steepness
of the CA model was closest to the experimental steepness
compared to the IA model (Table 1). The application of CA to
a mixture tested on algae would therefore result in a slight
overestimation of the mixture toxicity and IA predicted higher
toxicity value (Table 1). As CA predicted more accurately the
combined effect of three antibiotics on A. flos-aquae, this model
was used as a basis for the risk assessment work.

3.3. Estimation of Exposure Concentrations. The
maximum 4d TWAECs for trimethoprim in three different
waterbodies (pond, ditch and stream) were 0.016 ymol/L,
0.026 umol/L and 0.084 pmol/L, respectively. For tylosin, the
maximum 4d TWAECs for pond, ditch and stream were 0.0061
pumol/L, 0.011 pmol/L and 0.073 pmol/L. For lincomycin, the
4d TWAECs reached 0.0004 pmol/L, 0.00075 pumol/L and
0.011 pmol/L for three waterbodys (Table S4 in SI). While the
4d TWAEC:s for trimethoprim and tylosin were nearly within
an order of magnitude, estimations of exposure for lincomycin
were much lower than the other compounds (Table S5—S7 in
SI). These particular results can be explained by differences in
the application rates for the antibiotics to soils, where the
maximum application rate (A,,,) of lincomycin was only 0.46
kg/ha in contrast with 6.65 kg/ha and 845 kg/ha for

DOI: 10.1021/acs.est.6b01649
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trimethoprim and tylosin, respectively (Table S2 in SI). The
maximum occurrence of three substances were found in
scenario R3 in stream systems (Figure 2). R3 is a southern
Europen scenario considering the superficial loading from
runoff to surface water, where runoff is determined by annual
rainfall and slope. The R3 stream scenario had a higher annual
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Figure 2. Predicted environmental concentrations for each antibiotic
for the different FOCUS surface water scenarios. Values were
estimated based on maximum, medium and minimum application
rate. d = ditch; s = stream; and p = pond.

rainfall (800—1000 mm) than the other runoff scenarios (600—
800 mm), and a slope of 4—10% in comparison with the
intermediate case 2—49% of scenario R1.”

The occurrence of three antibiotics has been reported from
studies in different regions of the World. Measured
concentrations of trimethoprim range from less than 3.4 X
1075 yumol/L in UK surface waters"® to 0.0061 ymol/L (U.S.)"*
in U.S. While very limited information on the occurrence of
tylosin and lincomycin in surface waters was available, the
presence of lincomycin in surfacewater has been recorded from
less than 2.46 X 10~° gmol/L to 0.0018 ymol/L (U.S.).** The
maximum occurrence of tylosin was found at 546 X 107°
umol/L downstream of agricultural land in U.S.> All these
reported concentrations for the antibiotics are within the range
of the predicted concentrations in this study (Figure 2) which
gives some confidence in the model predictions.

3.4. Species Sensitivity Distributions. Data were
available on the toxicity of the study antibiotics to both
chlorophyte and cyanobacterial species. SSDs for the three
antibiotics are shown in Figure 3. The sensitivity of test
organisms to tylosin and lincomycin varied by around 3 orders
of magnitude with cyanobacteria found to be more sensitive
than chlorophytes. In contrast, effects endpoints for trimetho-
prim were within an order of magnitude of each other
indicating similar sensitivity. The observed differences in
sensitivity are likely explained by a range of factors including
the mode of action of the antibiotic, the presence/absence of
the antibiotic target receptor in the study organisms and
differences in uptake and metabolism by the test organisms. We
discuss these factors in detail elsewhere.'” Using the SSDs,
PNECs of 2.55 umol/L, 0.0002 umol/L, and 0.0006 pmol/L
were obtained for trimethoprim, tylosin and lincomycin
respectively (see Table S8 in SI). While it is recommended*®
that AFs varying from 1 to S can be applied in derivation of
PNEC from SSDs, we selected five, that is, the most
conservative, because the number of ecotoxicity data sets for
tylosin and lincomycin were limited.”®

3.5. Risk Assessment for Single Antibiotics and
Antibiotic Mixtures. In terms of single component solutions,
trimethoprim was found to pose an acceptable risk to aquatic
systems in EBurope at maximum application rates as the
maximum risk quotient (RQ) was 0.033 (R3 stream scenario).
Maximum RQ values for tylosin and lincomycin were 367 and
18.68, respectively, indicating that both of these compounds
pose an unacceptable risk to the European aquatic environ-
ment. For tylosin, an unacceptable risk was observed from all
the exposure scenarios across the EU with the RQ values based
on maximum application rate ranging from 5.33 to 367 (Table
SS in SI). For lincomycin, the unacceptable risk occurred at the
scenarios of D2 ditch, R1 stream and R3 stream with the RQ_
values of 1.24, 6.71 and 18.68, respectively (SI Table SS). Three
exposure scenarios geographically represent the agriculture in
western, middle and south Europe (SI Figure S1). These risk
characterization results for single antibiotics agreed with other
risk assessments or risk based prioritisation studies. For
example, the maximum RQ of trimethoprim was 0.15 in a
risk assessment study performed in Norway” while RQs of
39.81 and 62.46 were obtained for tylosin and lincomycin in a
study assessing risks to the UK environment.®

Risk quotients for mixtures, estimated based on medium
application rates, exceeded one for most exposure scenarios,
that is, D1, D2, DS, D6, R1, R3, and R4. The RQ values of the
antibiotic mixture, estimated based on the three application rate
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Figure 3. Species senstivity distribution curves for the three antibiotics.
Black lines are the best SSD model fit based on EC10/NOEC values
and gray lines represent the 95% confidence intervals.

scenarios, ranged from 0.066 to 385 (Figure 4a). While the 4d
TWAEC: for trimethoprim and tylosin were within an order of
magnitude, compared to tylosin, lower RQs of trimethoprim
were observed from all the exposure estimation scenarios.
Differences in RQs were due to the hazard assessment. The
PNEC of trimethoprim derived from the SSD was 2.55 umol/
L, which was 4 orders of magnitude higher than tylosin (0.0002
umol/L). The RQs of lincomycin were the lowest in the
antibiotic mixture on account of the exposure assessment
(Figure 2), though the derived PNECs of lincomycin (0.0006
umol/L) and tylosin (0.0002 umol/L) were comparable.
Therefore, while the RQ_values for this antibiotic mixture
indicated a high potential risk to the aquatic environment, the
risk was dominated by tylosin (Figure 4b).

Given that an unacceptable risk was observed for the mixture
of the three antibiotics for surface water scenarios covering
different regions of Europe, primarily due to the effects from
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Figure 4. Risk quotients (PEC/PNEC) for the different FOCUS
scenarios for: (a) a mixture of three antibiotics estimated for the
maximum, medium and minimum application rates; and (b) the three
antibiotics estimated for maximum application rate. d, ditch; s, stream;

and p, pond.

tylosin and lincomycin, we recommend that target monitoring
of these antibiotics in the European surface water should be
performed to gather data for a more realistic risk assessment
and that biological monitoring be performed to see whether
effects on algae are occurring in reality. A range of indicators
based on algae could be applied for biomonitoring of chemical
pollution. For examples, variations in algal species diversity and
bioaccumulation of chemicals have been observed and
demonstrated to relate to changes in water quality.”*

As aquatic organisms are more likely to be exposed to
mixtures of veterinary antibiotics in surface water, assessing
biological effects of mixtures is considered to be more realistic
(and protective) than assessments that consider only single
substances. This study illustrates a combined experimental and
modeling-based strategy to assess the risk of mixtures. The
proposed method has been demonstrated for a selection of
antibiotics and algal species. In the future, we recommend that
the approach be applied to the wider range of antibiotics in use
and other exposure scenarios such as emissions of antibiotics
from wastewater treatment plants.

DOI: 10.1021/acs.est.6b01649
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX



Environmental Science & Technology

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b01649.

Equations for predicted environmental concentration
(PEC); concentration—response curves for A. flos-aquae
for each antibiotic; input parameters for the FOCUS
modeling; algal toxicity values used for developing
species sensitivity distributions; exposure concentrations
and risk quotients for each veterinary antibiotic based on
maximum, medium and minimum application rate
(PDF)

B AUTHOR INFORMATION

Corresponding Author
*Phone 01904 324791; fax: 01904 322998; e-mail: alistair.
boxall@york.ac.uk.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the China Scholarship Council (CSC) for funding
this Ph.D. work. We are also grateful to three anonymous
reviewers for useful comments on an earlier version of this
manuscript.

B REFERENCES

(1) Boxall, A. B. A;; Kolpin, D. W.; Halling-Sorensen, B.; Tolls, ]. Are
veterinary medicines causing environmental risks? Environ. Sci. Technol.
2003, 37 (15), 286—294.

(2) Boxall, A. B. A. The environmental side effects of medication -
How are human and veterinary medicines in soils and water bodies
affecting human and environmental health? EMBO Rep. 2004, S (12),
1110—-1116.

(3) Boxall, A; Tiede, K; Bryning, G.; Bevan, R;; Tam, C.; Levy, L.
Desk-based study of current knowledge on veterinary medicines in
drinking water and estimation of potential levels; 2011. http://dwi.
defra.gov.uk/research/completed-research/reports/dwi70-2-23S.pdf
(accessed November 15, 2015).

(4) Isidori, M.; Lavorgna, M.; Nardelli, A.; Pascarella, L.; Parrella, A.
Toxic and genotoxic evaluation of six antibiotics on non-target
organisms. Sci. Total Environ. 2005, 346 (1-3), 87—98.

(S) Halling-Sorensen, B. Algal toxicity of antibacterial agents used in
intensive farming. Chemosphere 2000, 40 (7), 731—739.

(6) Guo, J.; Boxall, A; Selby, K. Do pharmaceuticals pose threat to
primary producers? Crit. Rev. Environ. Sci. Technol. 20185, 45 (23),
2565—-2610.

(7) Backhaus, T.; Porsbring, T.; Arrhenius, A.; Brosche, S;
Johansson, P.; Blanck, H. Single-substance and mixture toxicity of
five pharmaceuticals and personal care products to marine periphyton
communities. Environ. Toxicol. Chem. 2011, 30 (9), 2030—2040.

(8) Kienzler, A; Berggren, E.; Bessems, J.; Bopp, S.; Van der Linden,
S.; Worth, A. Assessment of mixtures- Review of regulatory
requirements and guidance JRC Science and policy reports. https://
ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-
reports/assessment-mixtures-review-regulatory-requirements-and-
guidance (accessed August 15, 2015).

(9) Brosche, S.; Backhaus, T. Toxicity of five protein synthesis
inhibiting antibiotics and their mixture to limnic bacterial commun-
ities. Aquat. Toxicol. 2010, 99 (4), 457—465.

(10) Cleuvers, M. Aquatic ecotoxicity of pharmaceuticals including
the assessment of combination effects. Toxicol. Lett. 2003, 142 (3),
185—194.

(11) Christensen, A. M.; Faaborg-Andersen, S.; Ingerslev, F.; Baun,
A. Mixture and single-substance toxicity of selective serotonin reuptake

inhibitors toward algae and crustaceans. Environ. Toxicol. Chem. 2007,
26 (1), 85-91.

(12) EC. Regulation (EC) No 1907/2006 concerning the
Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH). http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/
2uri=CELEX:02006R1907-20140410&from=EN (accessed August
15, 2015).

(13) Ashton, D.; Hilton, M; Thomas, K. V. Investigating the
environmental transport of human pharmaceuticals to streams in the
United Kingdom. Sci. Total Environ. 2004, 333 (1), 167—184.

(14) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M,;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Pharmaceuticals, hormones,
and other organic wastewater contaminants in US streams, 1999—
2000: A national reconnaissance. Environ. Sci. Technol. 2002, 36 (6),
1202—-1211.

(15) Borriello, P. UK Veterinary Antibiotic Resistance and Sales
Surveillance, 2013; https://www.gov.uk/government/uploads/
system/uploads/attachment data/file/440744/VARSS.pdf (accessed
March 15, 2016).

(16) Drugbank. Open Data Drug and Drug Target Database. http://
www.drugbank.ca (accessed December 16, 2014).

(17) Guo, J; Selby, K; Boxall, A. Comparing the sensitivity of
chlorophytes, cyanobacteria and diatoms to major-use antibiotics.
Environ. Toxicol. Chem. 2016, DOI: 10.1002/etc.3430.

(18) CCAP. Jaworski’'s Medium (JM) recipe. http://www.ccap.ac.uk/
media/documents/JM.pdf (accessed March 10, 2014).

(19) EMEA. Revised guideline on environmental impact assessment
for veterinary medicinal products. http://www.ema.europa.eu/docs/
en_GB/document_library/Scientific_guideline/2009/10/
WC500004389.pdf. (accessed March 10, 2014).

(20) Metcalfe, C. D.; Alder, A. C; Halling-Sorensen, B.; Krogh, K;
Fenner, K; Larsbo, M.; Straub, J. O.; Ternes, T. A,; Topp, E.; Lapen,
D. R; Boxall, A. B. A, Exposure Assessment Methods for Veterinary
and Human-Use Medicines in the Environment: PEC vs. MEC
Comparisons. In Pharmaceuticals in the Environment: Sources, Fate,
Effects and Risks; Kummerer, K., Eds.; Springer-Verlag Berlin
Heidelberg: Berlin, 2008; pp 147—171.

(21) OECD. OECD 201 guidelines for the testing of chemicals,
Freshwater Alga and Cyanobacteria, Growth Inhibition Test. http://
www.oecd-ilibrary.org/environment/test-no-201-alga-growth-
inhibition-test 9789264069923-en (accessed March 16, 2015).

(22) ABO. Industrial Algae Measurements, Algae Biomass Organ-
isation. http://algaebiomass.org/wp-content/gallery/2012-algae-
biomass-summit/2010/06/IAM-6.0.pdf (accessed March 10, 2014).

(23) FOCUS. Generic guidance for FOCUS surface water Scenarios.
http://focus.jrc.ec.europa.eu/docs/Generic_ FOCUS_SWS_
versioncontrol_1_0.pdf (accessed August 15, 2015).

(24) NOAH Compendium of Data Sheets for Animal Medicines.
National Office of Animal Health. http://www.noahcompendium.co.
uk (accessed March 10, 2014).

(25) FOCUS. Overview of FOCUS surface water. http://focusjrc.ec.
europa.eu/sw/ (accessed August 10, 2015).

(26) EPA. ECOTOX Database. http://cfpub.epa.gov/ecotox/quick
queryhtm (accessed November 11, 2015).

(27) EPA. Species sensitivity distribution generator V1. https://
www3.epa.gov/caddis/da_software ssdmacro.html (accessed October
10, 2015).

(28) TGD. Technical Guidance Document on Risk Assessment.
http://ihcp.jrc.ec.europa.eu/our_activities/public-health/risk_
assessment_of Biocides/doc/tgd (accessed December 16, 2014).

(29) Cedergreen, N. Quantifying Synergy: A Systematic Review of
Mixture Toxicity Studies within Environmental Toxicology. PLoS One
2014, 9 (5), 1-12.

(30) Sigma-Aldrich, Material safety data sheet (MSDS). http://www.
sigmaaldrich.com/united-kingdom.html (accessed December 16,
2014).

(31) Smit, M. G. D.; Hendriks, A. J.; Schobben, J. H. M.; Karman, C.
C.; Schobben, H. P. M. The variation in slope of concentration-effect
relationships. Ecotoxicol. Environ. Saf. 2001, 48 (1), 43—50.

DOI: 10.1021/acs.est.6b01649
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX



Environmental Science & Technology

(32) Monteiro, S. C.; Boxall, A. B. A. Occurrence and Fate of Human
Pharmaceuticals in the Environment. Rev. Environ. Contam. Toxicol.
2010, 202, 53—154.

(33) Grung, M; Kallqvist, T.; Sakshaug, S.; Skurtveit, S.; Thomas, K.
V. Environmental assessment of Norwegian priority pharmaceuticals
based on the EMEA guideline. Ecotoxicol. Environ. Saf. 2008, 71 (2),
328-340.

(34) Omar, W. M. W. Perspectives on the Use of Algae as Biological
Indicators for Monitoring and Protecting Aquatic Environments, with
Special Reference to Malaysian Freshwater Ecosystems. Trop. Life. Sci.
Res. 2010, 2 (21), 51—67.

DOI: 10.1021/acs.est.6b01649
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX



