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The individual and combined toxicities of amoxicillin, erythromycin, levofloxacin, nor-
floxacin and tetracycline have been examined in two organisms representative of the
aquatic environment, the cyanobacterium Anabaena CPB4337 as a target organism and the
green alga Pseudokirchneriella subcapitata as a non-target organism. The cyanobacterium
was more sensitive than the green alga to the toxic effect of antibiotics. Erythromycin was
highly toxic for both organisms; tetracycline was more toxic to the green algae whereas the
quinolones levofloxacin and norfloxacin were more toxic to the cyanobacterium than to
the green alga. Amoxicillin also displayed toxicity to the cyanobacterium but showed no
toxicity to the green alga. The toxicological interactions of antibiotics in the whole range of
effect levels either in binary or multicomponent mixtures were analyzed using the Com-
bination Index (CI) method. In most cases, synergism clearly predominated both for the
green alga and the cyanobacterium. The CI method was compared with the classical
models of additivity Concentration Addition (CA) and Independent Action (IA) finding that
CI could accurately predict deviations from additivity. Risk assessment was performed by
calculating the ratio between Measured Environmental Concentration (MEC) and the Pre-
dicted No Effect Concentration (PNEC). A MEC/PNEC ratio higher than 1 was found for the
binary erythromycin and tetracycline mixture in wastewater effluents, a combination
which showed a strong synergism at low effect levels in both organisms. From the tested
antibiotic mixtures, it can be concluded that certain specific combinations may pose
a potential ecological risk for aquatic ecosystems with the present environmentally
measured concentrations.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

pharmaceuticals play a major role in livestock industries and
modern agriculture, which use them as therapeutics and

Antibiotics are biologically active molecules with an increas- growth promoters in livestock production, as feed additives in
ing use in both human and veterinary medicine. These fish farms and to prevent crop damage induced by bacteria
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(Sarmah et al., 2006); although since 2006 antibiotics have
been forbidden as growth promoters in animal feed in the EU.
From the antibiotics administered to animals, a large pro-
portion is excreted without metabolizing and is dispersed
with the manure used for soil amendment, eventually
reaching surface waters (Elmund et al., 1971). A large portion
of the antibiotics administered in fish farms (70—80%) has
been reported to reach the environment (Schneider, 1994;
Hektoen et al., 1995).

The major pathway whereby residual antibiotics from
human use enter the environment is the effluent of waste-
water treatment plants (WWTP) as conventional plants are
relatively inefficient in completely removing pharmaceuticals
(McArdell et al., 2003; Gobel et al., 2005; Xu et al., 2007; Rosal
et al., 2010b). Antibiotic contamination of the natural envi-
ronment has been reported in many countries in Europe,
North America and Asia, all classes of antibiotics having been
detected in river water (Kolpin et al., 2002, 2004; Batt et al.,
2006; Xu et al., 2007; Yang et al., 2008; Ginebreda et al., 2009;
Tamtam et al, 2009; Watkinson et al., 2009), seawater
(Gulkowska et al., 2007; Xu et al., 2007), groundwater (Hirsch
et al,, 1999; Lindsey et al., 2001; Sacher et al., 2001), drinking
water (Zuccato et al., 2000), sediments (Kerry et al., 1996; Kim
and Carlson, 2007), agricultural soils due to dispersion of
sewage sludge and manure (Sarmah et al., 2006), biota
(Dolliver et al., 2007; Kong et al., 2007),and WWTP effluents
(Costanzo et al., 2005; Batt et al., 2006; Watkinson et al., 2009;
Gros et al.,, 2010; Rosal et al., 2010b). Although recorded envi-
ronmental levels are usually low, at ng L™* to ug L™* in waters
(see Table S1 under Supplementary Information) and ug kg *
to mg kg™" in soils and sediments, antibiotics are considered
to be “pseudopersistant” contaminants due to their continued
release into the environment and permanent presence
(Daughton and Ternes, 1999; Hernando et al., 2006).

Although the major concern of antibiotics is associated
with the development of resistance mechanisms by bacteria
and its implications in human health, their sustained release
to different environmental compartments and their bioactive
properties also raise serious concerns about the toxicity of
antibiotics to non-target organisms (Migliore et al,
1997'Halling-Sgrensen et al., 1998, 2000; Baguer et al., 2000).
Algae and cyanobacteria play a crucial role in aquatic eco-
systems. They are primary producers which supply nutrients
for the rest of the aquatic biota (Greenberg et al., 1992). Cya-
nobacteria, in addition, are prokaryotes and are thus consid-
ered as sensitive organisms to antibiotics (Maul et al., 2006). In
fact, the European Medicines Evaluation Agency (EMEA)
explicitly recommends the use of cyanobacteria for effect
testing of antimicrobials due to their sensitivity (EMEA, 2006).

Different classes of antibiotics have been detected simul-
taneously in environmental compartments (Kolpin et al.,
2004; Li et al., 2009; Watkinson et al., 2009; Suzuki and Hoa,
2012). Therefore, aquatic organisms may be exposed to mix-
tures of antibiotics. While the individual concentrations of
antibiotics in aquatic environments may be low, the com-
bined concentrations could result in significant toxicity to
aquatic organisms. Besides, as chemicals in a mixture may
either not interact or interact synergistically or antagonisti-
cally, it is essential to investigate the potential interactions in
mixtures of antibiotics of different classes (Cleuvers, 2003;

Teuschler, 2007; Rodea-Palomares et al., 2010). This issue has
important implications in terms of environmental toxicity
and risk assessment strategies, which are often carried out
considering the individual effect and additive behavior. This
may severely underestimate the risk associated with anti-
biotic mixtures as well as mixtures of antibiotics with other
pharmaceuticals and anthropogenic contaminants (Kolpin
et al., 2002).

The aim of the present study was to evaluate the individual
and combined toxicity to the green alga Pseudokirchneriella
subcapitata and the recombinant bioluminescent filamentous
cyanobacterium Anabaena CPB4337 of five antibiotics from
different classes: amoxicillin (B-lactam), erythromycin (mac-
rolide), tetracycline (tetracycline) and the quinolones nor-
floxacin and levofloxacin. All of them have a variety of uses in
human and veterinary medicine (Table S1). In order to identify
and quantify the nature of the interactions between the an-
tibiotics, binary and multicomponent mixtures of them were
prepared and tested. Results were analyzed by the method of
the Combination Index (CI)-isobologram equation which we
have previously used to study pollutant interactions (Rodea-
Palomares et al., 2010; Rosal et al., 2010a; Boltes et al., 2012;
Rodea-Palomares et al., 2012). In this paper, we also report
a first approach of risk assessment of the antibiotic mixtures
for the aquatic environment based on currently available
exposure data (Table S1) and our toxicity results.

2. Materials and methods
2.1. Chemicals

The antibiotics used in this study belong to different classes
and were selected based on their use and occurrence in the
aquatic environment (Table S1). The following five antibiotics
were selected: amoxicillin (AMO), erythromycin (ERY) and
levofloxacin (LEV), purchased from TCI Chemicals; tetracy-
cline (TET) purchased from Sigma—Aldrich; and norfloxacin
(NOR) purchased from Fluka. Amoxicillin is a B-lactam with
a bactericidal action, it inhibits bacterial cell-wall synthesis.
Erythromyecin is a macrolide which exerts its antibiotic effects
by binding irreversibly to the 50S subunit of bacterial ribo-
some interfering with bacterial protein synthesis. Tetracy-
cline also inhibits bacterial protein synthesis by preventing
the association of aminoacyl-tRNA with the bacterial ribo-
some. Norfloxacin and levofloxacin are quinolones, which
inhibit bacterial DNA gyrase, preventing DNA replication.
The purity of each antibiotic was AMO > 90%, ERY > 98%,
LEV > 98%, TET > 98%, NOR > 98%. Except ERY, which was
dissolved in methanol, stock solutions of antibiotics were
made in high purity water obtained from a Milipore Mili-Q
system with a resistivity of at least 18 MQ cm at 25 °C. The
antibiotics were stored in the dark and 4 °C. The dilutions of
each antibiotic and their corresponding mixtures were freshly
prepared before each experiment with a careful monitoring of
solution pH. It was ensured that pH did not change sig-
nificantly during the experiments. For the case of ERY, the
final concentration of methanol in the assay media was al-
ways below 0.005% (v/v), which did not result in any
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significant effect on the bioluminescence of Anabaena CPB4337
or the growth rate of P. subcapitata.

2.2. Stability of antibiotics

Initial concentrations and stability of antibiotics under bio-
assay conditions were examined according to the (OECD, 2008)
guidance. Analyses have been performed in assay media both
in the absence of cells and in the presence of either the cya-
nobacterium or the green alga in a course-time study up to 72-
h exposure. The stability assessment was performed using
HPLC-diode array liquid chromatography and TSQ Quantum
LC—MS triple quadrupole as follows. HPLC analyses were used
to determine the exposure concentration of TET, LEV and NOR
and were performed using an HPLC Agilent Technologies
equipped with a diode array detector. The column used was
areversed phase Kromasil 5u 100A C18 analytical column. The
mobile phase was a mixture of acetonitrile and acidified water
with H3PO4 (20:80), adjusted to pH 3 with NaOH 2 M. UV
detection was as follows: LEV, 272 nm, NOR and TET, 292 nm.
LC-MS QgQ was used to determine the exposure concentra-
tion of ERY wusing an Ascentis express C18
S5cm x 2.1 mm x 2.7 pm analytical column. The mobile phase
was acetonitrile and water acidified with 0.1% formic acid
(50:50).

No significant differences were found between the nomi-
nal and measured exposure concentrations for ERY, NOR and
LEV either in the presence or absence of the green alga and
the cyanobacterium. Therefore, throughout the present
study, their nominal concentrations were used for data ana-
lyses. AMO was previously reported to be highly unstable in
aqueous solutions due to hydrolysis involving the opening of
the p-lactam ring (Perez-Parada et al., 2011). Immediately
after being put in solution, within a period of minutes, AMO
degraded completely and for that reason we used the nominal
concentration. This behavior has already been observed by
others (Pérez-Parada et al., 2011). The hydrolysis probably
produced a set of intermediary products that are not char-
acterized but might also be toxic to aquatic organisms. For
TET, compared to the nominal value, and expressed as per-
centage, the average measured concentrations (in abiotic
conditions) were 53.6, 28.6 and 14.3 after 24, 48 and 72 h,
respectively. The exposure concentrations were calculated as
follows:

72h
DTET = / CTET dt (1)
0

In what follow, D™ET was used instead of nominal concen-

trations, Crgr, according to the OECD guidance (OECD, 2008).
The integral of Eq. (1) was solved using a numerical approx-
imation fed with Crgr values recorded every 24 h.

2.3.  Toxicity bioassays

The antibiotic concentrations tested ranged from 0.01 to
1500 mg/L for AMO; 0.01-100 mg/L for NOR; 0.01—200 mg/L for
LEV; 0.01-100 mg/L for TET and 0.001-10 mg/L for ERY.
Anabaena sp. PCC 7120 strain CPB4337 (hereinafter Ana-
baena CPB4337), which bears in the chromosome a Tn5

derivative with luxCDABE from the luminescent terrestrial
bacterium Photorhabdus luminescens (formerly Xenorhabdus
luminescens), was used in this study as a bioreporter of anti-
biotic toxicity. This strain shows a high constitutive self-
luminescence with no need to add exogenous aldehyde
(Fernandez-Pinas and Wolk, 1994). The toxicity bioassays
using Anabaena CPB4337 are based on the inhibition of con-
stitutive luminescence caused by the presence of a toxic
substance; this endpoint is related to metabolic activity of the
organism as toxicants affecting the metabolism of the bacte-
rium reduce luminescence. Anabaena CPB4337 was routinely
grown at 28 °C in the light, ca. 65 pmol photons m? s~* on
a rotary shaker in 150 mL AA/8 (Allen and Arnon, 1955) (Table
S2), supplemented with nitrate (5 mM) (hereinafter AA/8 + N)
in 250 ml Erlenmeyer flask for 3 days. The strain was grown in
liquid cultures with 10 pg/mL of neomycin sulfate (Nm). Tox-
icity assays were performed as follows: cyanobacterial cul-
tures grown as described were centrifuged, washed twice and
resuspended in fresh medium at OD;sopm = 2.5. 640 uL of the
corresponding antibiotic solution were added to transparent
sterile 24-well microtiter plates, followed by 160 uL of fivefold
concentrated AA/8 + N and 200 uL of Anabaena CPB4337, pre-
pared as described, were added to the wells to reach a final
OD750nm = 0.5. The 24-well microtiter plates were kept at room
temperature (28 °C) and light ca. 65 ymol photons m? s~* on
a rotary shaker during 72 h of exposure. For luminescence
measurements, 100 uL of each sample were transferred to an
opaque white 96-well microtiter plate. Luminescence was
recorded in a Centro LB 960 luminometer during 10 min. Three
independent experiments with quadruplicate samples were
carried out for all Anabaena toxicity assays. Copper sulfate
(CuS0,4) was selected as reference toxicant for calibration in all
assays. The calibration allows one to calculate the mean ECsq
values (the median effective antibiotic concentration that
causes a 50% effect with respect to a non-treated control) of
copper in order to refuse or accept the experiment if those
ECso values fall in or out of the 95% of confidence limits pre-
viously fixed for this reference toxicant (USEPA, 1994, 2002). To
achieve this, five copper dilutions were tested by quad-
ruplicate in control wells of each assay.

Algal beads of P. subcapitata and growing media (Table S3)
were purchased from MicroBioTest Inc. (Belgium). The
determination of multigenerational exposure toxicity was
performed following the algal growth inhibition test descri-
bed in OECD TG 201 open system (OECD, 2006). The de-
immobilization of algal cells was conducted according to
the manufacturer’s recommendations. Algal cells were first
cultured in 25 mL shaken flasks in which growth was
assessed by following optical density at 670 nm. The pre-
scribed amount of cells (final cellular density of 0.1) was
then transferred to 96-well clear disposable microplates and
was exposed to pollutants during the logarithmic growth
phase. The total volume occupied was 200 pL. P. subcapitata
growth was monitored for 72 h, measuring chlorophyll flu-
orescence, which excitation/emission wavelengths are 450/
672 nm, in a Fluoroskan Ascent EL (Thermo Scientific)
microplate reader. Plates were incubated in a growing
chamber at 22 + 2 °C under continuous light. Each concen-
tration was replicated four times in three independent series
of assays.
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2.4. Experimental design of antibiotic mixtures

Solutions of antibiotics were used singly and in binary and
four- or five-antibiotic mixtures. Algal and cyanobacterial
cells were treated with serial dilutions of each chemical
individually and in combinations prepared with a fixed con-
stant ratio (1:1) based on the individual ECso values (mg/L).
Five to seven dilutions (serial dilution factor = 2) of each
antibiotic and combination plus one control were tested in
three independent experiments with quadruplicate samples
as described elsewhere (Rodea-Palomares et al., 2010).

2.5.  Median-effect and Combination Index (CI)-
isobologram equations for determining individual and
combined toxicities

The response to toxic exposure in Anabaena CPB4337 and in P.
subcapitata tests was estimated using the median-effect
equation based on the mass action law (Chou and Talalay,
1984):

where D is the dose, Dy, is the dose for 50% effect (ECsy), fa is
the fraction affected by dose D (e.g, 0.75 if cell bio-
luminescence/growth is inhibited by 75%), f, is the unaffected
fraction (therefore, f, = 1 — f,), and m is the coefficient of the
sigmoidicity of the dose—effectcurve: m=1,m>1,andm< 1
indicate hyperbolic, sigmoidal, and flat sigmoidal dose—effect
curve, respectively. Therefore, the method takes into account
both the potency (D,,) and shape (m) parameters. Eq. (2) may
be rearranged as follows:

D::Dm(l%h>um 3)

The D,, and m values for each individual compound or mixture
were determined by the median-effect plot: x = log (D) versus
y =log ( fo/fu) which is based on the logarithmic form of Eq. (2).
In the median-effect plot, m is the slope and
Dy, = 10-(y-interceptym The conformity of the data to the
median-effect principle can be ready assessed by the linear
correlation coefficient (r) of the fitting to Eq. (3) (Chou, 2006).

These parameters were then used to calculate doses of
individual compound and their mixtures required to produce
various effect levels according to Eq. (2). For each effect level,
Combination Index (CI) values were then calculated according
to the general Combination Index equation for n-chemical
combination at x% inhibition (Chou, 2006):

[DJ;
P
Ty (4)

(D)
n_ (D), n
(€D, =t =
;(Dx)) 1:21 b (fax)j

|1 ()]
where "(Cl), is the Combination Index for n chemicals at x%

inhibition; (Dy)1_n is the sum of the dose of n chemicals that
exerts x% inhibition in combination, {[Dj]/}.7[D]} is the

proportionality of the dose of each of n chemicals that exerts x
% inhibition in combination; and (Du); {( fax)/[1 — (fax)i]}¥™ is
the dose of each drug alone that exerts x% inhibition. From Eq.
(4),CI < 1,Cl=1andCI > 1indicates synergism, additive effect
and antagonism, respectively.

2.6. Analysis of results

A non-linear fitting was performed to derive individual and
mixture dose—effect parameters using the Levenberg—
Marquardt algorithm to Eq. (2). To compute ECy, (the median
effective antibiotic concentration that causes a 10% effect with
respect to a non-treated control) and ECy (the median effective
antibiotic concentration that causes a 20% effect with respect to
a non-treated control) in P. subcapitata assays for which the
inhibition did not reach the median effect value (D,, in Eq. (2)),
a reparametrization was deemed necessary to reduce multi-
collinearity. For it, we substituted D,, in Egs. (2) and (3) by EC o1
ECy in the following modified forms of Eq. (2):

)fii N %<ECDlo>m 2

)fii N Z11<ECDZO> m ©

This procedure allowed reaching efficient non-linear regres-
sion with adequate standard deviations for the estimators.
The calculation of ECs (the median effective antibiotic con-
centration that causes a 50% effect with respect to a non-
treated control) for P. subcapitata exposed to TET, the data
for which lie outside the range of validity of the median effect
equation (Eq. (2)), was performed using a linear interpolation
method that did not assume any particular dose—effect model
(USEPA, 2002). Not special transformations or reparametriza-
tion of Eq. (2) were needed for estimation of dose—effect
relationship parameters for Anabaena CPB4337 since whole
dose—effect curves were obtained for the tested antibiotics
and their mixtures. The computer program CompuSyn (Chou,
2005) was used for calculation of the ECy (the median effective
antibiotic concentrations that cause x% effect with respect to
a non-treated control) and Combination Index (CI) values of
the different mixtures in the whole range of effect levels.

2.7.  Mixture toxicity predictions based on CA, IA and CI
equations

Experimental toxicity of the antibiotic mixtures were com-
puted based on the predictive equations of the two most
widely used definitions of additivity, that is, Concentration
Addition (CA) (Eq. (7)) and Independent Action (IA) (Eq. (8))
(Faust et al., 2001; Altenburger et al., 2004). CA is based on the
assumption that mixture components have the same sites
and similar mode of action (MOA), and is computed by equa-
tion (Altenburger et al., 2004):

-1
n
o pi
Emelx< : ECxi) (7)

where ECxpix is the effect concentration of the mixture pro-
voking x% effect, EC,; is the concentration of the component i
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provoking the same effect (x%) as the mixture when applied
individually, and p; is the molar ratio of the ith component in
the mixture.

IA is based on the assumption that mixture components
have dissimilar MOA. The following equation applies for IA
(Altenburger et al., 2004).

E(cmi) = 1- [, (1 - E(c)) ®)

where cpix and E(cmix) are the total concentration and total
effect of the mixture, respectively, and E(c;) is the effect of the
ith component with the concentration ¢; in the mixture. The ¢;
in Eq. (8) can be replaced by (p x cmix). The E(c;) can be calcu-
lated from the function that described the concen-
tration—response curve of the ith component (Altenburger
et al.,, 2004; Qin et al., 2010).

The predictive equation based on CI (that is considering
deviations from additivity as CI values) was computed as
follows:

" -1
ECxmix = ( ﬁ) ©)
i X1 X comp

where ECxnix is the effect concentration of the mixture
provoking x% effect, ECy; is the concentration of the com-
ponent i provoking the same effect (x%) as the mixture when
applied individually, p; is the molar ratio of the ith compo-
nent in the mixture and CI, comp is the computed Combi-
nation Index value for the mixture at the x level of effect (x%
or f,) from the experimental toxicity curve of the mixture.
Note that Eq. (9) is easily derived from Eq. (7) since CI and CA
methods share the same definition of additivity (Loewe
additivity) (Chou, 2006).

2.8. Risk quotients assessment of antibiotic mixtures

Risk quotients (RQs) try to estimate the actual potential eco-
logical risk (probability of an expected effect, i.e. potential
danger, caused by an environmental concentration) of a pol-
lutant. This quotient is calculated as the ratio between Pre-
dicted Environmental Concentrations (PEC) or Measured
Environmental Concentrations (MECs) and Predicted No Effect
Concentrations (PNECs) (Sanderson et al., 2003; Von der Ohe
et al,, 2011).

The lowest predicted no effect concentrations (PNECs) for
single compounds and mixtures were combined with the
highest available measured environmental concentrations
(MECs) from the literature (Table S1). Risk quotients (RQs)
were then estimated as follows (Sanderson et al., 2003; Von
der Ohe et al., 2011):

MEC

RQ =NEe (10)

A PNEC value for a given antibiotic mixture was derived
dividing the ECso values by an assessment factor of 1000
(Sanderson et al., 2003; EMEA, 2006; Von der Ohe et al., 2011).
Highest MEC values (Table S1) converted to umol/L were
summed up to give a corresponding mixture concentration.
RQ higher than one suggests that an ecological impact is
expected for the given antibiotic mixture.

3. Results and discussion
3.1. Toxicity of individual antibiotics

Table 1 shows EC,, EC,0 and ECsg values of the five antibiotics
tested individually and in binary and complex mixtures. After
an exposure of 72 h to AMO, the green alga P. subcapitata
showed no effect at concentrations up to 1500 mg/L (less than
10% growth inhibition), indicating that this antibiotic was not
toxic to the green alga. For ERY, a clear concen-
tration—response relationship was obtained and demon-
strated to be highly toxic with an ECso = 0.35 + 0.03 mg/L and
a very low ECyo, in the range of pg/L. In the case of the quin-
olones, NOR and LEV displayed flat and incomplete concen-
tration—response curves (Fig. 1). This represents a plateau
with respect to cell growth rate, the reduction of which did not
progressed for drug dosage above 40 mg/L approximately. The
reason for this behavior is more probably due to the role
played by antibiotic transporters which regulate the influx,
efflux and intracellular concentration of antibiotics (Van
Bambeke et al., 2003Db). In both cases, the fitting to the dose-
—effect equations was performed only for the lower effect
levels. The data shown in Table 1 correspond to the fitting of
the lower exposures and were calculated using Egs. (5) and (6).
Based on ECyp and EC,q values, LEV was more toxic than NOR
to the green alga; however, ECso was >80 mg/L for NOR and
>120 mg/L for LEV. TET proved very toxic for the green alga
with a exposure concentration (DT as indicated in Eq. (1)) as
low as 32 + 8 pg/L producing a measurable effect (EC4o); ECso
for TET, calculated as indicated before, was 3.31 & 0.96 mg/L.

With regards to the cyanobacterium, complete concen-
tration—response relationships could be recorded for the five
tested antibiotics after an exposure of 72 h (Fig. 2). The ECso
values ranged between 0.022 mg/L and 56.3 mg/L with an
order of toxicity as follows: ERY > LEV > NOR > TET > AMO. It
should be noticed that, like in the case of the green alga, ERY
showed a measurable effect at a concentration as low as 5 ug/L
(EC10). The results indicated that the cyanobacterium, most
probably due to its prokaryotic nature, is in general, more
sensitive than the green alga to the tested antibiotics. Several
other researchers found similar results with unicellular cya-
nobacteria and green algae (Harrass et al., 1985; Lutzhoft et al,,
1999; Halling-Sgrensen et al., 2000). Although the green alga is
a non-target organism for antimicrobials, the observed tox-
icity exerted by some antibiotics could be, at least in part, due
to the cyanobacterial nature of the chloroplasts which makes
these plastids susceptible as potential antibiotic targets
(McFadden and Roos, 1999); the antiplastidic effects of several
antibiotics has been quantified at concentrations well above
1 mg/L (Ebringer, 1972; Nicolas, 1981). Furthermore, an effect
on mitochondria might also account for part of the observed
toxic effect in the green alga.

From the tested antibiotics, ERY for both the alga and the
cyanobacterium, could be classified as “very toxic to the
aquatic life” (Regulation EC No. 1272/2008 on classification,
labelling and packaging of substances and mixtures, Category
I, ECso < 1 mg/L). In fact, this antibiotic shows measurable
effects in both organisms at concentrations in the pg/L, close
to measured environmental concentrations (see Table S1).
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Table 1 — Dose—effect parameters and main Combination Index (CI) values of: amoxicillin (AMO), erythromycin (ERY), levofloxacin (LEV), norfloxacin (NOR) and

tetracycline (TET); individually and of their binary and multi-component combinations for Pseudokirckneriella subcapitata and Anabaena sp. CPB4337 tests.

Pseudokirckneriella subcapitata Anabaena sp. CPB4337
Dose—effect parameters (mg/L) CI values Dose—effect parameters (mg/L) CI values
EC1o ECyo ECso a=0.10 a=0.20 2= 0.50 EC1o ECyo ECsp a=0.10 a=0.20 a = 0.50

AMO >1500 >1500 >1500 - - - 6.16 £+ 3.5 15.1 £3.2 56.3 £ 2.5 = = =
ERY 0.036 + 0.016 0.082 + 0.023 0.35 4+ 0.03 = = = 0.005 + 0.004 0.009 + 0.003 0.022 + 0.003 = = =
LEV 0.93 £+ 0.30 4.5+ 0.6 >120° - - - 1.1+04 19+04 48+ 0.4 - - -
NOR 109 £1.2 20.6 + 1.0 >80¢ - - - 1.2+£05 2.1+0.6 56+0.5 - - -
TET 0.032 + 0.008 0.10 &+ 0.01 3.31 £+ 0.96 = = = 25+0.7 35+07 6.2 +£0.8 = = =
ERY + LEV 1.3+03 23+0.3 > 20.4° 2.5 172 0.42 0.87 £ 0.3 1.3+£03 25+02 1.4 1.2 0.95
ERY + NOR 3.0+06 58 +0.7 182 +15 0.82 0.70 0.54 0.96 + 0.5 1.7 £ 06 45+0.7 1.1 1.2 1.2
ERY + TET 0.0046 + 0.0024 0.021 + 0.007 0.27 £+ 0.04 0.33 0.40 0.60 0.28 + 0.11 0.67 +0.13 3+£03 0.23 0.36 0.79
LEV + NOR 1.1+04 29+0.7 150+ 1.3 0.28 0.24 0.25 1.3+£0.5 2.0+ 0.5 43+04 1.1 0.98 0.8
LEV + TET 0.34 4+ 0.10 0.89 + 0.14 4.6 + 0.5 0.84 0.52 0.24 0.37 £ 0.12 0.63 + 0.24 16+0.3 0.21 0.24 0.28
NOR + TET 19+05 35+0.3 9.2+ 0.9 1.2 0.59 0.22 19+04 2.7+04 51+0.5 1.2 1 0.87
4 AB* 1.7 +£04 39+05 16.0 £ 2.0 11 0.69 0.37 = = = = =
AMO + ERY - - - - - - 9.4+52 16.2 £5.5 41+35 2 1.4 1
AMO + NOR - - - - - - 89+40 145+4.1 33.1+33 2 1.5 1
AMO + LEV - - - - - - 7.7 £23 114 +21 224+15 1.5 1 0.5
AMO + TET - - - - - - 1.8 +0.6 29+05 6.5 £ 0.5 0.33 0.25 0.2
5 AB® - - - - - - 52+12 7.2+0.8 12.4 £ 0.8 1.5 1.1 0.7

a ERY + LEV + NOR + TET.

b ERY + LEV + NOR + TET + AMO.

¢ fa=0.42 at 120 mg/L.

d fa =0.39 at 80 mg/L.

e f. = 0.488 at 20.4 mg/L (20.0 mg LEV/L, 0.4 mg ERY/L)
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Fig. 1 — Dose—response curves of levofloxacin () and
norfloxacin (@) for Pseudokirchneriella subcapitata. Solid
lines represent the fitting to the median effect equation.
Error bars correspond to 95% confidence intervals.

Most authors have found that B-lactams antibiotics such as
AMO do not affect green algae (Lutzhoft et al., 1999; Halling-
Sgrensen et al., 2000; Eguchi et al., 2004), most probably due
to the mode of action of this antibiotic which specifically in-
hibits bacterial cell wall synthesis. Studies on ERY toxicity to
the aquatic environments report ECso values ranging between
0.02 mg/L for green algae (Eguchi et al., 2004; Isidori et al., 2005;
similar to the one found for the cyanobacterium in this
report), and 1000 mg/L for the fish Danio rerio with ECso values
around 20 mg/L for rotifers, crustacean and invertebrates
(Isidori et al., 2004). For LEV, an ECsq (after 7 days of exposure)
of 7.9 mg/L was reported for the unicellular cyanobacterium
Microcystis aeruginosa (Robinson et al., 2005), which is slightly
higher than the one found for Anabaena in this study. A similar
value was also reported for the green alga P. subcapitata
(Robinson et al., 2005). In this report, a much higher ECs, was
obtained for LEV in the same alga (>80 mg/L). There are not

1.0 A
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0.4 4

Relative luminiscence inhibition
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0.0 T T T T T
0 10 20 30 40 50

Concentration (mg/L)

Fig. 2 — Dose—response curves of amoxicillin (®; inset),
norfloxacin (e), levofloxacin (#), tetracycline (&) and
erythromycin (o) for Anabaena CPB4337. Solid lines
represent the fitting to the median effect equation.

many published data on NOR toxicity; an ECsq value of 22 pg/L
has been reported for the marine bacterium Vibrio fischeri
(Backhaus et al., 2000) and ECs, values of 16.6 mg/L and 10.4
have been reported for the green algae P. subcapitata and
Chlorella vulgaris, respectively (Eguchi et al., 2004). Again, these
are significantly lower than those reported here. For TET, ECsg
values of 0.09 mg/L and 2.2 mg/L have been found for the
unicellular cyanobacterium M. aeruginosa and the green alga P.
subcapitata, respectively (Halling-Sgrensen et al., 2000), which,
for the cyanobacterium, is lower than the one reported in this
study.

From theresultsin previous reports (Halling-Sgrensen et al.,
2000; Robinson et al., 2005) except for LEV, the unicellular cya-
nobacterium M. aeruginosa appears to be more sensitive to an-
tibiotics than the filamentous Anabaena CPB4337, although due
to the scarcity of data, more research is needed. However, it
should be noted that both the exposure time (7 days for the
unicellular vs. 3 days for Anabaena) and the toxicity endpoint
(growth vs. bioluminescence) were different. In the case of the
green alga, the observed discrepancies between our results and
those published could be due to the different endpoints used to
measure growth which might influence the outcome; we used
chlorophyll fluorescence while Eguchi et al. (2004) and Isidori
et al. (2005) used cell counts; besides, in the case of the quino-
lones it could also be due to the flat and incomplete dos-
e—response curves obtained for both quinolones in this work;
nevertheless, quite discrepant results have also been reported
for LEV toxicity to Lemna species with ECso ranging from 0.8 mg/
L to 51 mg/L after 7 days of exposure measuring different
endpoints such as frond number, growth rate or pigment
content (Brain et al., 2004; Robinson et al., 2005).

3.2.  Toxicological interactions of the tested antibiotics in
mixtures

Table 1 shows the effective concentrations EC,o, ECoo and ECsg
as well as predicted CI values at these effect levels of binary,
four-antibiotic (for the green alga, as AMO was not toxic, it
was not included in the mixture assays) and five-antibiotic (for
the cyanobacterium) mixtures. As shown in the table, the bi-
nary mixture ERY-TET displayed a considerable toxic effect,
particularly for the green alga and at environmentally relevant
concentrations (Table S1). In fact, in binary as well as in multi-
antibiotic mixtures, ERY and to a lesser extent TET, were
assayed at near environmental concentrations (see Table S1,
also Table S4 for information of individual concentrations of
antibiotics in the mixture effective concentrations). The data
show that both antibiotics, when present in mixtures, may
exhibit a toxic effect even at very low concentrations.

The Combination Index (CI) quantifies the nature of the
interaction between antibiotics at any effect level. Fig. 3 shows
the f,-CI plots of binary (Fig. 3a) and multi-antibiotic mixtures
(Fig. 3b). The f,-CI plot depicts the CI value versus f, (the effect
level or fraction of luminescence/growth inhibited with
respect to the control). Due to the fact that complete con-
centration—response relationship could not be recorded for
the green alga for some antibiotics, the maximum effect level
(fa) shown in the figures of the green alga is 0.5. Average
Combination Index (CI) values for the three representative EC
values (ECy0, ECy0 and ECsg) are shown in Table 1.


http://dx.doi.org/10.1016/j.watres.2013.01.020
http://dx.doi.org/10.1016/j.watres.2013.01.020

WATER RESEARCH 47 (2013) 2050—2064

2057

10

Cl

Cl

0.0 0.2 0.4 0.6 0.8 1.0
fa

Fig. 3 — Combination index Plot (f,- CI plot) for binary and
multi-antibiotic mixtures for Pseudokirchneriella subcapitata
test (a) and Anabaena CPB4337 test (b): ERY +LEV (—e—),
ERY +NOR (—0—), ERY +TET (——), LEV+NOR (—A—),
LEV +TET (—a—), NOR+TET (——), AMO+ERY (—>—),
AMO +LEV (—e—), AMO+ TET (——), AMO +NOR (—a&—),
ERY +LEV+NOR+TET (—e—), ERY+LEV+NOR+TET +AMO
(—e—). CI values are plotted as a function of the fractional
inhibition of bioluminescence/growth (f,) by computer
simulation (CompuSyn). CI< 1, = 1 and > 1 indicates
synergism, additive effect and antagonism, respectively.
At least three independent experiments with two
replicates were used. The vertical bars indicate 95%
confidence intervals for CI values based on SDA (Sequential
Deletion Analysis) (Chou and Martin, 2005). AMO =
Amoxicillin; TET = Tetracycline; ERY = Erythromycin; LEV
= Levofloxacin; NOR = Norfloxacin.

For the green alga (Fig. 3a), the ERY-LEV combination
showed a clear antagonism at low f, levels, becoming syner-
gistic at f, values above 0.3. The ERY-NOR combination was
nearly additive in the whole range of effect levels. The
ERY-TET mixture showed a clearly synergistic interaction,
particularly at very low f, values, becoming slightly less syn-
ergistic at higher values. The LEV-TET combination was nearly

additive at very low effect levels becoming clearly synergistic
at f, values above 0.1. The LEV-NOR mixture was clearly syn-
ergistic in the whole range of f, levels while the NOR-TET
combination showed antagonism at very low to low f,
values which changed into synergism at higher effect levels.
The four-antibiotic mixture was nearly additive at very low
effect levels and clearly synergistic at effect levels above 0.1.
The global picture of antibiotic interactions in the green alga is
that synergism clearly predominated.

For the cyanobacterium (Fig. 3b), a somewhat more het-
erogeneous pattern of interactions emerged. The ERY-LEV
combination showed antagonism at very low to low effect
levels which turned into a near additive behavior at f, levels
above 0.4. The ERY-NOR combination was nearly additive in
the whole range of effect levels. The ERY-TET combination
was clearly synergistic at very low effect levels which turned
into a strong antagonism above a f, value of 0.6. The NOR-TET
combination showed a pattern similar to the one of ERY-LEV
combination with slight antagonism at very low to low ef-
fect levels, approaching additivity at medium effect levels and
slightly synergistic at the higher effect levels. The LEV-NOR
combination showed a tendency of interactions similar to
that of NOR-TET although at very low to low effect levels it
approached the additivity line. The LEV-TET combination
showed a strong synergistic interaction in the whole range of
fa levels. The AMO-ERY and AMO-NOR combinations showed
a similar pattern of interactions with strong antagonism at f,
values below 0.6 which became slightly synergistic at higher
effect levels; the AMO-LEV combination also showed strong
antagonism at low effect levels but became slightly synergistic
at f, levels above 0.2. The AMO-TET combination was strongly
synergistic in the whole range of f, values. The five-antibiotic
mixture followed a pattern of interactions quite similar to the
one found for the four-antibiotic mixture in the green alga
with antagonism at low effect levels which turned into syn-
ergism at f, values above 0.25. The global pattern of in-
teractions that emerged in the cyanobacterium showed that
at very low effect levels, antagonism predominated in most
binary mixtures with the exception of three mixtures with
tetracycline: TET-AMO, TET-ERY and TET-LEV, which were
synergistic. At higher effect levels the tendency was similar to
that observed in the green alga and synergism became the
predominant interaction. It should be noticed that in both cell
systems, the ERY-TET combination showed strong synergism
at very low to low effect levels, emphasizing again that this
could be a quite toxic combination in the environment, even
when both antibiotics are present at very low concentrations
as already discussed. For the cyanobacterium, two other
combinations could be potentially dangerous for their syner-
gistic interactions: the AMO-TET and LEV-TET. For the green
alga, the LEV-NOR combination could also be dangerous due
to the synergistic interactions found at low effect levels. For
both organisms, the multi-antibiotic mixtures were also syn-
ergistic at relatively low effect levels (above f, = 0.10 for the
green alga and f, = 0.25 for the cyanobacterium), indicating
increased toxicity towards both aquatic organisms when all
the tested antibiotics co-occur.

An important feature of the observed antibiotic interactions
in both organisms is that the nature of the interaction change
with the effect level and with the test organism. We have
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already found this behavior with other pollutants interactions
(Rodea-Palomares et al., 2010, 2012; Rosal et al., 2010a). A pos-
sible explanation of this phenomenon might be that at low
effect levels, cells are less affected by the pollutants and
antagonism/synergism may be explained by specific modes of
action; thus, antagonism could be due to competition for up-
take/same bindingsites or suppression of the toxic effect of one
drug by another while synergism could be explained by
mechanisms of drug combinations such as “facilitating ac-
tions” meaning that secondary actions of one drug enhances
the activity or level of another drug in the mixture or alter-
natively “complementary actions” when drugs act at the same
target at different sites, at overlapping sites or at different
targets of the same pathway (Jia et al., 2009); at high effect
levels, cells may be heavily affected and toxicity may be
increased by an unspecific way of action not probably related to
the pharmacological mechanism; at high effect levels, cells
membranes may be damaged allowing the bulk entry of toxi-
cants; under these situations, synergism, considered as the
combined action of pollutants which increase toxicity by un-
specific mode of action, may predominate as we have previ-
ously found for the combined action of heavy metals (Rodea-
Palomares et al., 2009) or fibrates (Rodea-Palomares et al., 2010).

The CI method allows quantitative determination of syn-
ergism or antagonism but does not give information on the
mechanism by which the interactions occur (Chou, 2006).
However, it should be taken into account that toxicological
interactions may be influenced not only by the toxic mode of
action but also by pharmacokinetic properties and biological
sensitivity (already discussed under toxicity of individual an-
tibiotics). Research on pharmacokinetic properties of antibi-
otics (absorption, accumulation, distribution and elimination)
have mostly focused in invertebrates and fish (Samuelsen,
2006; Li et al., 2009) with no similar studies been conducted
with algae or cyanobacteria; antibiotic efflux pumps found in
prokaryotic and eukaryotic cells play a fundamental role in
the modulation of absorption, cellular accumulation and
elimination of antibiotics (Van Bambeke et al., 2003a,b); drug
efflux pump genes are present in the genomes of sequenced
cyanobacteria (http://genome.kazusa.or.jp/cyanobase/); sim-
ilarly, multiple antibiotic resistance genes have been found in
chloroplasts (Conte et al., 2009); further research is needed to
understand the role of these systems in the pharmacokinetics
of antibiotics in both algae and cyanobacteria.

The individual mechanisms of action of the five tested
antibiotics towards their target organisms, prokaryotes, are
well known and may be useful to try to explain, at least, some
of the observed interactions in the cyanobacterium. However,
in the green alga, a eukaryotic organism, the mechanisms of
toxicity are probably unrelated to the known mechanism of
action in prokaryotes, although, as already mentioned, direct
effects on chloroplasts and mitochondria cannot be discarded.

For the cyanobacterium, the nearly additive behavior of the
LEV-NOR combinations at f, levels below 0.5 (Fig. 3b) could
perhaps be explained by their identical specific mechanism of
action: inhibition of bacterial DNA gyrase. Similarly, Backhaus
et al. (2000) found that the mixture toxicity of 10 quinolones to
V. fischeri followed the concept of Concentration Addition.
Christensen et al. (2006) also reported that the combination of
two quinolones, flumequine and oxolinic acid, behaved

additively in activated sludge microorganisms. In the green
alga, the LEV-NOR combination was strongly synergistic in the
whole range of effect levels. Based on these antibiotics’
mechanisms of action, the interaction should have been ad-
ditive as in the case of Vibrio, sludge microorganisms and
Anabaena. Interestingly, Yang et al. (2008) also found syner-
gism as the interaction of a norfloxacin—ciprofloxacin binary
mixture at an effect level of 0.5 in P. subcapitata. The authors
indicate that, as the green alga is not a target organism, it is
very difficult to explain the interaction. Whatever the mech-
anism, their results and ours indicate that quinolones appear
to interact synergistically in this green alga and this could be
environmentally relevant.

The observed strong synergistic interaction between ERY
and TET (at f, levels below 0.6) (Fig. 3b) in the cyanobacterium
could be explained by the complementary action of both an-
tibiotics in prokaryotic protein synthesis as indicated by Jia
et al. (2009) in their extensive review of mechanisms of drug
interactions. Synergism was also found for this antibiotic
combination in the green alga (Fig. 3a). Perhaps an effect on
the chloroplast and mitochondrial ribosomes may explain the
observed interaction. Christensen et al. (2006) also found
synergistic effects of a similar mixture, oxytetracycline and
erythromyecin, in this green alga. The fact that, as reported
before, both antibiotics when applied individually, both in the
cyanobacterium and the green alga, provoked measurable
toxicity at concentrations close to measured environmental
concentrations indicates that the observed synergism might
represent an ecological risk when the two antibiotics co-occur
in aquatic environments.

The patterns of interactions found in the rest of binary
mixtures cannot be easily explained in terms of the known
mechanisms of antibiotic action. The multi-antibiotic mix-
tures interactions cannot be explained in terms of mecha-
nisms either. Besides, there are not many reports in the
literature which have studied the nature of interactions of this
kind of complex mixtures. Yang et al. (2008) studied the
combined effects of 12 antibacterial agents on P. subcapitata
finding that antagonistic effects predominated at certain
antibiotic concentrations. Here, we report antagonism of the
multi-component mixtures at very low to low effect levels,
with synergism clearly predominating at higher effect levels
(Fig. 3a). As discussed earlier, this may have important im-
plications in the aquatic environment.

Regarding multi-component mixtures like the four- and
five-antibiotic mixtures of this work, an interesting feature of
the CI method is that knowledge on the compo-
nent—component type of interaction is not required to assess
the overall interaction resulting of a complex mixture (Chou,
2006), however more complex studies can be performed
based on the CI method in order to identify the compo-
nent—component interaction contribution to the overall
resulting interaction; for example, when analyzing a ternary
mixture (A + B + C), it can be considered as a binary mixture
composed by (A + B) + C and similarly with other combina-
tions (Chou, 2006). This problem could also be assessed by
regression analysis where the CI values of the multi-
component mixture of interest are regressed against the CI
values of the different binary mixtures (Rodea-Palomares
et al,, 2010, 2012).
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3.3. Experimental and predicted toxicity of the antibiotic
mixtures under CA, IA and CI methods

In order to validate the antibiotic interactions predicted by the
Combination Index (CI) in the different antibiotic mixtures, we
have generated predicted dose—response curves of the anti-
biotic mixtures based on the classical models used in tox-
icology to predict the expected toxicity of mixtures under
additivity: Concentration Addition (CA) and Independent
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Action (IA). We have also generated predicted dose—response
curves of the different mixtures based on the CI values
obtained at the different f, levels of the mixtures. Fig. 4 shows
predicted dose response curves under CA, IA and CI models
together with experimental values for four representative
antibiotic mixtures of both the cyanobacterium (Fig. 4a—d)
and the green alga (Fig. 4e—f). Experimental and predicted
toxicity values under CA, IA and CI models for all tested
mixtures can be found in supplementary Information (Table
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Fig. 4 — Experimental toxicity values (Exp) and predicted dose—response curves of representative antibiotic mixtures based
on concentration addition (CA), Independent Action (IA) and Combination Index (CI) models for Anabaena CPB4337 test (a, b,
c and d) and Pseudokirchneriella subcapitata test (d, e, f and g). 5 AB = ERY + LEV + NOR + TET + AMO, 4

AB = ERY + LEV + NOR + TET. Exp = mean z SD.
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S5). As can be seen in the figure, in general the prediction of CI
method seems to fit more accurately the real experimental
toxicity values for both organisms in those effect levels ( f,) of
mixtures where CI method predicted departures from addi-
tivity (Fig. 3); for example, analyzing the five AB mixture in the
cyanobacterium (Fig. 4a), at effect levels above 0.5, and the
ERY + TET mixture (Fig. 4b) at low effect levels ( f, < 0.5), it can
be seen that CA and IA did not predict the observed exper-
imental deviation from additivity (towards synergism) which
was accurately predicted by CI. A similar pattern can be
observed in the ERY + NOR and LEV + NOR combinations for
the green algae (Fig. 4g and h, respectively). When analyzing
the predicted toxicity under CA, IA and CI at mixture effect
levels where CI method predicted additivity (CI values near to
1; Fig. 3), the three methods CA, IA and CI offered a close and
very similar predictions of the expected toxicity of the mix-
tures, as can be seen in the ERY + NOR and ERY + LEV com-
binations in the cyanobacterium (Fig. 4c,d, respectively), and
at the lowest effect levels in the four AB and ERY + NOR
mixtures in the green algae (Fig. 4e, g, respectively).

When comparing the experimental and predicted toxicities
of all the tested mixtures based on these three models (CA, IA
and CI) (Supplementary Information Table S5), it can be seen
that, in general, the predicted toxicity of the mixtures according
to CI is closer than that of CA and IA to that of experimental
toxicity values in those mixtures where CI method predicted
departures from additivity, specially in synergistic interactions
(Fig. 3). However, it has been detected that in some of the
mixtures of the cyanobacterium the three methods have
underestimated the actual synergism of the mixtures:
LEV + NOR and NOR + TET combinations are even more syn-
ergistic than that expected based on CI calculations, and the
mixture NOR + TET, classified as near additive by the CI method
was in fact synergistic as experimental toxicity values are
above those predicted by the CImodel. Therefore the CImethod
predicted with a very low error rate (only 1, the NOR-TET
combination in the cyanobacterium, of 18 mixtures was
wrongly evaluated as near additive when in fact was syner-
gistic, see Supplementary Information Table S5) deviations
from additivity of mixtures with different degrees of com-
plexity. Furthermore, by taking in to account the estimated CI
values of the different antibiotic mixtures, the CI method
improved the predictive power of the classical additivity
models CA and IA. The possibility of using CI values to get ac-
curate predictions of toxicity in synergistic mixtures is
a promising tool for assessing the real toxicity of mixtures of
chemicals. In fact, Cedergreen et al. (2008) performed an
extensive statistical analysis of the accuracy of both CA and IA
models in predicting the actual toxicity of binary mixtures of
chemicals (from pesticides to pharmaceuticals) with 185 inde-
pendent data sets including 98 different mixtures; they found
that approximately half of the experimental toxicity could not
be correctly described with either of the two models. They also
concluded that when quantifying the maximal synergism and
antagonism, none of them proved to be significantly better
than the other. Therefore, we can conclude that currently there
is a lack of a basic methodology to accurately predict the
actual toxicity of about half of the possible mixture situations,
since CA and IA models by definition ignore synergism.

3.4. Risk quotients assessment of antibiotic mixtures

The RQs for antibiotic mixtures were derived from dividing
the MEC by the PNEC. The MEC used in this work were
maximum actual environmental measured concentrations
reported in surface waters and wastewater effluents (Table
S1). The procedure aims to assess risk considering unfavor-
able situations (higher environmental concentrations). The
PNEC were obtained by dividing the ECs, of the mixtures by
a safety factor of 1000 (Von der Ohe et al., 2011). Table 2
shows the RQs of binary, four and five-antibiotic mixtures
for both Anabaena CPB4337 and P. subcapitata. The RQs for
individual antibiotics are also provided. As shown in the
table, the TET + ERY combination was above the threshold
value of 1 both in the green alga and the cyanobacterium for
wastewater effluents. This mixture posed an ecological risk
for both organisms considering today’s pattern of antibiotic
use, which is more pronounced for the green alga. As already
mentioned, this mixture showed strong synergism at low
effect levels in both organisms, emphasizing the danger
associated with it. In fact, RQs for individual antibiotics
(Table 2) also indicated a potentially high ecological risk of
ERY for both organisms and of TET towards the green alga.
For the cyanobacterium, the NOR-ERY and TET-LEV combi-
nations in wastewater effluents presented values closer to 1,
indicating a narrow safety margin for these mixtures. It
should be noted that the multi-antibiotic mixtures RQs were
below 1 in both organisms, indicating that, at actual envi-
ronmental levels, these mixtures do not pose an ecological
risk. As expected RQ values in effluent wastewater were
significantly higher than those found in surface waters.

There are not many studies in the literature that report
calculations of RQs for antibiotics/pharmaceuticals mixtures.
Brain et al. (2004) evaluated the effect of eight pharmaceuticals
including three antibiotics and found significant ecological risk
for two aquatic macrophytes. In a subsequent study, Brain
et al. (2005) reported that the mixture of four tetracyclines
did pose a risk for the same macrophytes. For individual anti-
biotics, sulfamethoxazole, sulfathiazole, chlortetracycline,
oxytetracycline and AMO were found to pose an ecological risk
to aquatic ecosystems (Park and Choi, 2008). Gros et al. (2010)
reported that ERY was hazardous for Daphnia and sulfameth-
oxazole and TET to algae. Isidori et al. (2005) also found that
macrolides, which included ERY, was the antibiotic class most
harmful to the environment. Our results and others indicate
that ERY and TET both individually and in binary mixtures may
pose a significant risk for aquatic ecosystems.

In this work, toxicological interactions of antibiotics were
performed for the first time based on Combination Index (CI)
analysis. This methodology allowed to identify a general ten-
dency to synergism in complex antibiotic mixtures, and spe-
cially to identify tetracycline as a synergistic-inducer
component. Correction of additivity predictions based on CA
and IA with the information provided by the CI method
allowed, for the first time to accurately predict the actual tox-
icity of synergistic mixtures. This study also identified the
erythromycin and tetracycline combination as a potential
ecological threat based on today’s pattern of use of these
antibiotics.
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Table 2 — Risk quotients (RQs) based on MEC and PNEC for the five antibiotics for Anabaena sp. CPB4337 and

Pseudokirchneriella subcapitata.

Components Surface Wastewater Anabaena sp. CPB4337 Pseudokirchneriella subcapitata
water effluent
MEC (uM) MEC (uM) PNEC RQsurface RQ wastewater PNEC (uM) RQ surface RQ wastewater
(M) water effluent water effluent
AMO + ERY 0.001889%¢ 0.009096%f 1.1214 0.0016844 0.008111 = = =
NOR + ERY 0.003788"¢ 0.013289%f 0.0141 0.26854 0.9421 0.05683 0.06666 0.2338
NOR + AMO 0.005304%2 0.011528%4 0.09172 0.05783 0.1257 = = =
LEV + ERY 0.000429%¢ 0.005601%F 0.006766  0.06333 0.8279 — — -
LEV + AMO 0.001944°2 0.003840%4 0.06131 0.03171 0.06263 = = =
LEV + NOR 0.003843°P 0.008034%4 0.01285 0.299 0.62503 0.04587 0.08378 0.1751
TET + ERY 0.000434%¢ 0.008579%f 0.006674  0.06505 1.285 0.0005676 0.765 15.12
TET + AMO 0.001950%2 0.006818%4 0.01754 0.1112 0.3888 — — -
TET + NOR 0.003849%° 0.011011%4 0.01389 0.2772 0.7929 0.02861 0.1345 0.3848
TET + LEV 0.000489%¢ 0.003323%¢ 0.003904  0.1254 0.8512 0.01251 0.03914 0.2657
4 AB® 0.004278%%9¢  0.016612%%f = = = 0.04857 0.08807 0.3420
5 AB? 0.0059802<4<  0,020280%4%f  0,03395 0.1761 0.5973 = = =
AMO 0.0017022 0.003667° 0.154 0.01104 0.0238 = = =
NOR 0.003602° 0.007861° 0.01753 0.2053 0.4482 0.04635! 0.0777 0.1696
LEV 0.000242¢ 0.000173¢ 0.01328 0.0182 0.013 0.01245! 0.01942 0.01387
TET 0.000248¢ 0.003150° 0.01395 0.01774 0.2258 0.0001362! 1.817 23.12
ERY 0.000187¢ 0.005429° 0.00003 6.227 181.1 0.0002568! 0.7269 21.138

a Kasprzyk-Hordern et al., 2008.

b Watkinson et al., 2009.

¢ Kim et al., 20009.

d Leung et al., 2011.

e Kolpin et al., 2002.

f Rodriguez-Gil et al., 2010.

g ERY + LEV + NOR + TET.

h ERY + LEV + NOR + TET + AMO.
i PNEC based on individual ECoo.

4, Conclusions

We performed individual and combined antibiotic toxicity
tests in representative photosynthetic aquatic organisms. The
cyanobacterium, due to its prokaryotic nature, was in general
more sensitive than the green alga to the tested antibiotics.
Toxicological interactions studies using the Combination
Index (CI) method indicated that synergism was predominant
in binary and multi-component mixtures under real scenarios
of contamination. Especially remarkable was the synergism
found in almost all mixtures which included tetracycline as
a component. CI method proved to give a more accurate pre-
diction of the actual toxicity of synergistic mixtures than that
offered by CA and IA. When risk assessment of antibiotic
mixtures was performed, the combination of erythromycin
and tetracycline presented an RQ value which exceeded 1,
posing a potential ecological risk for aquatic organisms with
today’s pattern of use of both antibiotics.
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