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A B S T R A C T

The individual effect of four human antibiotics on the microalgae Raphidocelis subcapitata was investigated
following a 120-h exposure. The effects were assessed by analyzing growth, and biochemical parameters related
with: 1) antioxidant capacity and oxidative damage by measuring superoxide dismutase (SOD) activity and lipid
peroxidation (LPO) levels; and 2) cellular energy allocation (CEA) by quantifying the content in energy reserves,
which represents the energy available (Ea), and the electron transport system activity that represents a measure
of oxygen and cellular energy consumption (Ec). Growth yield inhibitory concentrations of sulfamethoxazole
(18–30%), clarithromycin (28.7%), ciprofloxacin (28%) and erythromycin (17–39%) were found to elicit a
considerable increase in Ec, thereby causing a significant decrease in the CEA. The elevated Ec can be a result of
the need to respond to oxidative stress occurring under those conditions given the significant increase in SOD
activity at these levels. For sulfamethoxazole, erythromycin and ciprofloxacin, the antioxidant responses do not
seem to be enough to cope with the reactive oxygen species and prevent oxidative damage, given the elevated
LPO levels observed. A stimulatory effect on growth yield was observed (up to 16%) at ciprofloxacin lowest
concentration, which highly correlated with the increase in CEA. Based on the no observed effect concentration
(NOECs) and/or effective concentration (EC10) results, Ec, SOD and CEA were more sensitive than the classical
endpoint of growth rate for all the tested antibiotics. By revealing the antibiotic stress effects in R. subcapitata at
the cellular level, this study suggests CEA as a more reliable indicator of the organisms’ physiological status.

1. Introduction

The wide use of antibiotics and their occurrence in the aquatic en-
vironment has been recognized as one of the emerging global en-
vironmental issues (Hernando et al., 2006). Antibiotics are bioactive
molecules with an increasing use in both human and veterinary medi-
cine for the prevention or treatment of microbial infections. It has been
reported that the largest number of antibiotics used by humans in most
countries consist of β-lactam antibiotics, including the sub-groups of
penicillins and cephalosporins followed by sulfonamides, macrolides
and fluoroquinolones (Kummerer, 2009; ISD Scotland, 2017). From the
antibiotics administered to humans, a large portion (approximately
70%) is excreted unmetabolized into municipal effluents and sewage
treatment plants (STPs) as active compounds (Kummerer, 2009). The
non-degradability of many antibiotics under aerobic conditions coupled
with the inadequacy of STPs to remove them completely allows their
entry into the aquatic environment via the sewage system (Halling-

Sorensen et al., 1998). Although the recorded environmental levels are
usually low, at ng/L to ug/L in waters, they are “pseudopersistent”
contaminants due to their continued release into the environment and
permanent presence (Hernando et al., 2006).

The major concern of antibiotics, even at low concentrations, is
associated with the development of resistance mechanisms by bacteria
and its implications in human health (Gullberg et al., 2011). However,
their bioactive nature coupled with continuous introduction into dif-
ferent environmental media have raised serious concerns about their
toxicity to non-target organisms (Orias and Perrodin, 2013; Johnson
et al., 2015; Magdaleno et al., 2015). Microalgae as primary producers
play a vital role in oxygen production in the aquatic ecosystems and
occupy the lowest trophic level in food webs. Changes in their diversity
and abundance could have an indirect but significant effect on the or-
ganisms at the higher trophic levels (Li et al., 2006). It has been re-
ported that among river organisms, blue-green algae (cyanobacteria)
are the most sensitive (EC50 less than 0.1mg/L) followed by the green
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algae (EC50 between 0.3 and>1200mg/L) to the toxic effects of an-
tibiotics (Lai et al., 2009; Gonzalez-Pleiter et al., 2013). The green algae
are eukaryotes and the cyanobacterial nature of their plastid genome
and pathways makes their chloroplast susceptible as potential antibiotic
target (McFadden and Roos, 1999). Antibiotic toxicity to green algae
could therefore be related to the inhibition and interference of the
chloroplast metabolism such as photosynthetic procedures and inter-
related protein synthesis, which disturb the function of photosynthetic
apparatus and finally affect cell growth (Liu et al., 2011).

This study examined four individual antibiotics (erythromycin
(ERY), clarithromycin (CLA), ciprofloxacin (CPX), and sulfamethox-
azole (SUF)) selected from a wide range of pharmaceuticals monitored
in hospital wastewater in the European Union funded PILLS project
(Helwig et al., 2013). Selection was based on hospital contribution,
European wide usage and persistence in the environment (Helwig et al.,
2013). These antibiotics are used in the treatment of a variety of bac-
terial infections and CPX inhibits bacterial DNA gyrase and prevent
DNA replication, CLA and ERY inhibits protein synthesis by binding to
the 23S rRNA molecule of the bacterial ribosome while SUF inhibits
bacterial folic acid synthesis (Van der Grinten et al., 2010; Gonzalez-
Pleiter et al., 2013; Magdaleno et al., 2015). The studied antibiotics,
due to their consumption, discharge, persistence and toxic properties,
have been identified as antibiotics of high risk in the aquatic environ-
ment of Europe, USA, and Worldwide (Jones et al., 2002; Lienert et al.,
2007; Besse and Garric, 2008; UBA, 2010; Hughes et al., 2013; Ortiz de
Garcia et al., 2013).

The potential impact of a stressor in ecosystems requires the ob-
servation of effects at different levels of biological organization, starting
at the molecular level and ending at the population or community level
(Lemos et al., 2010; Connon et al., 2012). Many of the studies on the
ecotoxic effects of pharmaceuticals are focused on the organismal or
higher levels of biological organization and at such levels alone, the
mechanisms of toxicity of the drugs are poorly understood and the
predictive ability of measurements done is limited (Verslycke et al.,
2004b). Over the last decades, biomarkers at suborganismal levels have
been considered viable measures of responses to stressors (Huggett
et al., 1992; Ferreira Nuno et al., 2015).

Changes in the antioxidant systems and modified macromolecules
have served as biomarkers for a variety of xenobiotics (Gil and Pla,
2001). To prevent the damage induced by free radicals (products of
cellular metabolism) to cells under oxidative stress, aerobic organisms
have developed antioxidant enzyme defences such as superoxide dis-
mutase (SOD). SOD is involved in the reduction of superoxide radical
into hydrogen peroxide (H2O2) (Van Camp et al., 1994), which readily
become broken down by CAT into water and oxygen (De Zwart et al.,
1999). Failure of these defences to detoxify excess reactive oxygen
species (ROS) can lead to significant oxidative damage including lipid
peroxidation (LPO) (Soto et al., 2011).

Other types of biomarkers that have been used successfully are
those linked to metabolism and energetics (Verslycke et al., 2004a).
According to De Coen et al. (1995), the allocation of specific amounts of
energy to basal metabolism, growth, and reproduction in an organism
will differ in response to changing environmental conditions and ex-
posure to a pollutant could cause a disturbance in the allocation. Based
on this concept, single integrated bioassay such as the cellular energy
allocation (CEA) assay was developed as a biomarker tool to evaluate
the effects of toxic stress on the metabolic balance or net energy budget
of organisms (De Coen et al., 1995; Verslycke et al., 2004a). The dif-
ference between available energy reserves (based on the biochemical
analysis of total carbohydrate, total lipid, and total protein content) and
energy consumption (estimated by measuring the electron transport
system activity (ETS) at the mitochondrial level) has been shown to be
indicative of an organism’s overall condition (De Coen and Janssen,
2003a).

The aim of this study was to link the selected antibiotic effects in
green algae at the cellular level to an outcome at the organismal level of

organization, for example growth inhibition, elucidating mechanisms of
toxicity for these compounds. This study was therefore carried out to
investigate the effects of SUF, ERY, CLA, and CPX by assessing anti-
biotic effects on (1) growth yield and growth rate of the green micro-
algae, R. subcapitata; and (2) biochemical parameters associated with
antioxidant capacity (SOD), oxidative damage (LPO) and cellular en-
ergy allocation (CEA).

2. Materials and methods

2.1. Microalgal culture and growth inhibition test

Axenic unicellular cultures of R. subcapitata (CCAP 278/4) pur-
chased from Culture Collection of Algae and Protozoa (CCAP) were
cultivated in 500mL conical flasks containing sterile Jaworski’s
Medium (JM). Cultures were maintained at 120 rpm on an orbital
shaker in an environmental chamber at 20±1ºC under continuous il-
lumination in the range 40–50 μmolm−2 s-1 of photosynthetic active
radiation. To keep the cultures in an exponential growth phase, algae
were aseptically transferred to fresh media every 3–4 days.

Stock solutions of the test antibiotics, SUF (CAS no. 723–46-6); ERY
hydrate (CAS no. 114-07-8); CLA (CAS no. 81103-11-9) and CPX (CAS
no. 85721-33-1) purchased from Sigma with ≥ 95% purity were pre-
pared directly in JM fresh algal medium, immediately before each
toxicity test. Sublethal concentrations of each antibiotic were in-
dividually tested against R. subcapitata: 0, 0.24, 1.97, 3.95 and 13.83
μM of SUF; 0, 8× 10−3, 1.19× 10-2, 1.7× 10-2 and 4.08× 10-2 μM of
ERY; 0, 1.3× 10−3, 3.3× 10−3, 4.6× 10−3 and 7.3× 10−3 μM CLA;
and 0, 3.02, 6.04, 12.08, and 24.17 μM of CPX. Methanol and hydro-
chloric acid (HCl) were used as solvents for CLA and CPX respectively.
Solvent controls were used in CPX and CLA assays. In the case of CLA,
the final concentration of methanol in the assay media was ≤ 0.0005%
(v/v) while the final concentration of HCl in the assay media in CPX
exposure was ≤ 0.00146% (v/v). Although not shown, both con-
centrations did not result in any significant effects on the growth of the
test organism. The pH of the test media was monitored before and after
the tests.

To generate enough intracellular materials for biomarker studies,
the bioassays were carried out in 100mL Erlenmeyer flasks each con-
taining 45mL of test solution. Tests were performed in accordance with
OECD Test Guideline 201 (OECD, 2006) with minor modifications. In
each flask, a specified volume of the culture of R. subcapitata in ex-
ponential growth phase was diluted with a known volume of JM (with
or without pharmaceuticals), to obtain equal amounts of initial cell
biomass in the range 1.5× 105 to 3.0×105 cells/mL in both the
treatments and the control groups. Each concentration of the pharma-
ceutical and the control was tested using seven replicates (n= 7). The
tests were run for 120 h under the same standard conditions used for
the inoculum culture. The positions of test flasks were randomized and
changed every 24 h for uniform distribution of light (USEPA (United
States Environmental Protection Agency), 2002). Cell growth was de-
termined every 24 h using an automatic cell counter (Micro Counter®

1100, Celeromics) in bright field configuration. The pH of the test
media in each treatment and the control groups were measured at the
commencement and at the end of the experiment and were between
7.35–7.82. To determine the stability of the pharmaceuticals in the test
systems, samples were taken at the 0, 48, and 120 h and then stored at
-20 °C until further analysis.

2.2. Biochemical biomarkers determination

2.2.1. Cell harvesting, disruption, and enzyme extraction
At the end of exposure period, algal cultures were harvested in

50mL sterile tubes following centrifugation at 5000 g for 10min. The
resultant pellet was then resuspended in 300 μL of 50mM sodium
phosphate buffer (pH 7) containing 1mM phenylmethylsulfonyl
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fluoride (PMSF). For homogenization, suspension was transferred to
tubes containing 300 μL of 0.42–0.6 mm glass beads (Sigma) and algal
cells were disrupted for 15min at 6.5 ms−1 in a bead beater (FastPrep®-
24, MP Biomedicals). Enzymes from the disrupted cells were extracted
in 1mL of sodium phosphate buffer (with PMSF) and the tubes cen-
trifuged at 10,000 g for 20min at 4 °C. The supernatant was stored at
−80 °C for biomarker measurements. Seven replicates per treatment
were used for each biomarker determination. All biomarkers were as-
sayed, in triplicates, using a microplate reader (Synergy H1 Hybrid,
BioTek).

2.2.2. Analysis of oxidative stress biomarkers
Superoxide dismutase (SOD) activity was assayed by monitoring the

inhibition of the enzymatic reduction of cytochrome c by xanthine
oxidase using xanthine/xanthine oxidase as source of superoxide radi-
cals based on the protocol of McCord and Fridovich (1969) and the unit
of activity expressed as U/106cells (Li et al., 2006). Lipid peroxidation
(LPO) content in the algal samples was determined by measuring the
concentration of malondialdehyde (MDA) using the thiobarbituric acid
reactive substances (TBARs) assay (Ohkawa, 1979; Bird and Draper,
1984). The extinction coefficient of 1.56×105 M−1 cm−1 was used for
thiobarbituric acid (TBA) and LPO expressed as nmol TBARs/106 cells.

2.2.3. Energy available (Ea - protein, carbohydrate, and lipid fractions)
Total protein content in the samples was determined using

Bradford’s method (Bradford, 1976). The absorbance was measured at
600 nm using bovine γ-globulin as standard. Total lipids were extracted
following the method of Bligh and Dyer (1959) with minor modifica-
tions. To 150 μL of sample, 250 μL of chloroform (spectrophotometric
grade, Sigma), 250 μL of methanol (spectrophotometric grade, Sigma)
and 125 μLMilli-Q water were added. After centrifugation at 1000 g for
5min, the top phase and interphase were removed and 500 μL of H2SO4

was added to 100 μL of lipid extract and charred for 15min at 200 °C.
After cooling down to 20 °C, 1.5mL of deionised water was added, and
total lipid content was determined by measuring the absorbance at
375 nm using tripalmithin as standard.

To determine the total carbohydrate content (De Coen and Janssen,
1997), 50 μL of 15% trichloroacetic acid was added to the 150 μL of the
samples and held at -20 °C for 10min. After centrifugation at 1000 g for
10min, total carbohydrate content of the supernatant fraction was
quantified by adding 50 μL of 5% (v/v) phenol and 200 μL of 18M
H2SO4 to 50 μL extract. After 30min of incubation at 20 °C, the absor-
bance was measured at 492 nm with glucose as standard.

The different energy reserve fractions were then transformed into
energetic equivalents by using their respective energy of combustion
(17,500mJ mg glycogen−1, 24,000mJ mg protein−1, and 39,500mJ
mg lipid−1) (Gnaiger, 1983), and summed to calculate total Ea.

2.2.4. Energy consumption (Ec)
Mitochondrial Electron Transport System (ETS) activity is directly

linked to cellular oxygen consumption and metabolism, and as a result,
the measurement of this system has been suggested as a valid alter-
native to whole organism respiration rates (King and Packard, 1975).
ETS was measured according to King and Packard (1975) with major
modifications as described below. To 30 μL of sample or blank, 20 μL of
homogenizing buffer (0.3 M Tris, 15% (w/v) polyvinyl pyrrolidone
(PVP), 459 μM MgSO4, 1.5ml Triton X-100, pH 8.5), and 100 μL of
buffered substrate solution (reduced nicotinamide adenine dinucleotide
(NADH) (1.79mM) and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) (280 μM) in 0.13M Tris, 0.3% (w/v) Triton X-100,
pH 8.5) were added. The reaction was started by adding 50 μL of 8mM
p-iodonitrotetrazolium (INT) and the change in absorbance measured at
490 nm over a 3min period at 20 °C. The amount of formazan formed
was calculated by using extinction coefficient, ε=15900/M.cm (De
Coen and Janssen, 1997).

The cellular respiration rate (Ec) was determined by using the ETS

data, based on the theoretical stoichiometrical relationship that for
each 2 μmol of INT-formazan formed, 1 μmol of O2 was consumed in the
electron transport system. The calculated quantity of oxygen consumed
was transformed into energetic equivalents by using the specific oxy-
enthalpic equivalents for an average lipid, protein, and carbohydrate
mixture of 480 kJ mol O2

−1 (Gnaiger, 1983).

2.2.5. Cellular energy allocation (CEA)
The CEA values, standardised to 106 cells, were calculated based on

seven replicate measurements of lipid, carbohydrate and protein con-
tent and ETS activity for each control and treatment as follows
(Verslycke et al., 2004a):

CEA = Ea/Ec

Where:

Ea (available energy) = carbohydrate+ lipid+ protein (mJ/106 cells)

Ec (energy consumption) = ETS activity (mJ/106 cells/h)

As in Verslycke et al. (2004a), it can be deduced from this calcu-
lation that a decline in CEA indicates a reduction in available energy
and/or a higher energy expenditure, resulting in a lower amount of
energy available for growth.

2.3. Determination of antibiotic concentration

Measurement of the antibiotics was preformed using liquid chro-
matography mass spectrometry (LC–MS/MS). Samples from algae were
filtered through 0.2 μm cellulose filter prior to use for LC–MS/MS
analysis. A thermo Scientific Q-exactive Orbitrap mass spectrometer
was used, fitted with a Dionex Ultimate 3000 RS Pump, Dionex
Ultimate 3000 RS Autosampler (Temperature controlled at 10 °C) and
Dionex Ultimate 3000 RS Column Compartment (Temperature con-
trolled at 30 °C); and operated in the positive ion mode. The LC column
was a Thermo Scientific Accucore C18 chromatography column with
particle size of 2.6 microns and dimensions 100×2.1mm employed at
a constant flow rate of 0.2 mL/min. For each sample, 10 μL was injected
using an auto-sampler. Mobile phase consisted of acetonitrile (Optima®,
LCMS grade, ex Fisher) and 10mM ammonium formate (adjusted to pH
3.5 by formic acid) for ERY, SUF and CLA; and methanol and 0.1%
formic acid in water for CIP. Deionised water was provided at 18MΏ
purity by an Elga “Purelab Classic” water deioniser. All detections were
performed by mass spectrometry (MS), in which the MS transition
(precursor ion → product ion) was 734.47→158.1 for ERY, 748.48→
158.1 for CLA, 254→156 for SUF, and 332→288 for CPX.

2.4. Statistical analysis

Percent growth inhibition was calculated for the response variables:
growth yield and growth rate. Statistical differences in the biomarker
responses in the treatments compared to the controls were analyzed
after normality test (Shapiro-Wilk) by one-way ANOVA (SPSS® v22
software) taking p < 0.05 as significant, according to Tukey’s and
Games-Howell post hoc tests. A correlation matrix was also set up and
Pearson correlation coefficients calculated for the measured parameters
using SPSS v22 statistics software. EC10 values were calculated for
growth parameters and CEA using regression analysis.

3. Results

3.1. Stability of the antibiotics

Initial concentrations and stability of antibiotics under bioassay
conditions were examined based on the OECD (2000) guideline. Ana-
lyses were performed in the assay media in the absence of microalgal
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cells at 0 h and in the presence of R. subcapitata at 48 h and 120 h of
exposure. The results are presented in Table S1 (Supplementary mate-
rial).

For ERY, the measured exposure concentrations were within
80–120% (OECD, 2006) of the nominal and, thus the nominal con-
centrations were used for data analyses throughout the study. For CPX,
the average measured concentrations were within 93–116% of the three
highest nominal concentrations at 48 h but dropped to 44–78% of the
nominals by 120 h. The average measured concentrations of SUF de-
creased in the three highest treatment groups and the measured con-
centrations were within 54–102% and 26–46% of their nominals after
48 h and 120 h respectively. There was an apparent substantial de-
gradation of CLA with the initial measured concentrations decreasing
from 89 to 105% of the nominal values at 0 h to 7.2–14.6% and
2.6–9.3% of the nominals at 48 h and 120 h respectively.

The effect concentrations were calculated and expressed as geo-
metric mean exposure concentrations instead of the nominals for CPX,
SUF (except for the lowest concentration) and CLA in accordance with
OECD guideline (OECD, 2000).

3.2. Effects of antibiotics on algal growth

In ERY exposure, algal growth yield was not significantly inhibited
until the 72 h after treatment at the two highest concentrations while a
significant decrease (p<0.05) in the growth yield of R. subcapitata was
noticed at the highest concentrations of CLA and CPX from the 96 h
following exposure (data not shown). SUF had no effect on algal growth
until the 48 h when inhibition was observed at the highest concentra-
tion. Table 1 shows a concentration-dependent percentage inhibition of
algal growth yield and growth rate by the antibiotics after 120 h of
exposure. It can be observed that the maximum percentage inhibition of
growth yield was 30.3, 39.2, 28.7, and 28.2% and that of growth rate
was 11.9, 13.1, 9.8, and 10.6% at the highest concentrations of SUF,
ERY, CLA, and CPX, respectively. Stimulatory responses or hormetic
effects were induced by the lower exposure concentrations of SUF, ERY,
and CPX following 120 h. The toxicity rankings of the pharmaceuticals
to growth in R. subcapitata after 120 h is as follows: CLA > ERY >
SUF > CPX.

3.3. Effects of antibiotics on superoxide dismutase (SOD) activity

The effects of the individual antibiotics on the SOD activity of R.
subcapitata after 120 h of exposure are shown in Fig. 1a–d. A con-
centration-dependent significant increase in the SOD activity of the
microalgae (F=166; df=4; p < 0.001) was induced by SUF ex-
posure in the three highest treatment groups (Fig. 1a). The maximum
SOD activity was 2.3 times higher than that of the control, which was
observed at both 2.96 and 8.3 μM of SUF. SOD activity was also sig-
nificantly induced (F=63.6; df=4; p < 0.001) in R. subcapitata ex-
posed to the highest concentrations (17 and 40.8 nM) of ERY (Fig. 1b).
The highest level of SOD activity was 2.1-fold higher than the control,
being observed following exposure to 17 nM of ERY. In CLA exposure, a
significant increase (F=23.9; df=4; p < 0.01) in SOD activity to
1.7-fold of the control was only noticeable at the highest exposure
concentration (Fig. 1c). Marked significant changes (F=93.9; df=4;
p < 0.001) in microalgal SOD activity were caused by CPX exposure.
SOD activity level was maximum at 11.5 μM of CPX and was 1.7-fold
higher than the control. However, SOD activity was significantly in-
hibited (p<0.001) at 19.1 μM of the fluoroquinolone being 1.8 times
lower than that of the control (Fig. 1d).

3.4. Effects of antibiotics on lipid peroxidation (LPO) levels

Malondialdehyde, a routinely used index of LPO, was detected in
the algal cells after 120 h of exposure to SUF, ERY, and CPX. SUF
treatment at the concentration of 1.58 μM did not increase the LPO
level significantly (p > 0.05), while a significant increase and de-
crease (p < 0.01) in LPO concentrations following exposure to
2.96–8.3 μM and 0.24 μM of SUF, respectively, were observed after 120
h (Fig. 1e). The highest level of LPO was 2.5 times higher than that of
the control and was observed at 2.96 μM of the sulfonamide. The in-
creases in LPO contents were not significant until 17 nM of ERY (p =
0.13) or 11.5 μM of CPX (p = 0.08) with both antibiotics significantly
increasing LPO levels to 1.3 and 1.4-fold of the controls respectively at
their highest concentrations of 40.8 nM (F=9; df=4; p < 0.01) and
19.1 μM (F=13.3; df=4; p<0.001) respectively (Fig. 1f and h re-
spectively). No significant changes (F=0.77; df=4; p>0.05) were
seen in the LPO levels between the treatments and the control after
120 h exposure to CLA (Fig. 1g).

3.5. Total energy content

The individual energy reserve fractions of R. subcapitata were dif-
ferentially affected by the antibiotics (Table 2). The average protein
content (F=10; df=4; p < 0.001), lipid content (F=20.9; df=4;
p < 0.001) and carbohydrate content (F=6.9; df=4; p < 0.001) of
R. subcapitata in this study were all significantly different from the
controls at 0.24, 2.96 and 8.3 μM of SUF. Significant inhibitory effect
(F=16.5; df=4; p < 0.001) on the total amount of energy available
(Ea) was only observed at 0.24 μM of the sulfonamide (Table 2).

Microalgal lipid content was not affected (F=0.77; df=4; p=
0.55) by CLA exposure while average protein content (F=2.8; df=4;
p < 0.05) and carbohydrate content (F=24; df=4; p < 0.001)
were significantly higher than the controls at 0.6 nM and 0.28-0.46 nM
respectively of the macrolide (Table 2). However, these effects on the
individual energy reserve fractions did not result in significant effects
(F=0.68; df=4; p = 0.60) on Ea (Table 2). ERY followed the same
trend as CLA and had no effect (F=2.2; df=4; p= 0.09) on the
average lipid content of the algae while the protein content was sig-
nificantly different (F=24.3; df=4; p < 0.001) from that of the
control at 11.9 and 17 nM of ERY (Table 2). ERY caused a concentra-
tion-dependent significant decrease (F=66.1; df=4; p<0.001) in the
average carbohydrate content of R. subcapitata, and the total energy
content of R. subcapitata exposed to ERY was significantly higher
(F=7.9; df=4; p < 0.001) than the Ea in the control at 17 nM

Table 1
Percent inhibition of algal growth yield and growth rate by the tested anti-
biotics after 120 h of exposure.

Drug Concentration
(μM)

% Inhibition of
growth yield
Mean ± SE

% Inhibition of
growth rate
Mean ± SE

Sulfamethoxazole 0.24 (-)36.4***± 4.39 (-)10.3***± 1.13
1.58 18.6**± 3.18 6.8***± 1.27
2.96 28.9***± 1.22 11.2***± 0.55
8.30 30.3***± 2.23 11.9***± 1.03

Erythromycin 8.00× 10−3 (-)11.8 ± 3.27 (-)2.9 ± 0.76
1.19× 10−2 4.6 ± 3.79 1.2 ± 1.08
1.70× 10−2 16.9*± 4.10 4.9*± 1.30
4.08× 10−2 39.2***± 3.39 13.1***± 1.39

Clarithromycin 2.8×10−4 1.8 ± 4.76 0.45 ± 1.47
4.6×10−4 1.4 ± 4.74 0.31 ± 1.41
6.0×10−4 6.2 ± 7.62 2.1 ± 2.46
7.6×10−4 28.7**± 2.73 9.8**± 1.16

Ciprofloxacin 3.7 (-)16.0 ± 10.59 (-)4.1 ± 2.71
5.8 (-)4.0 ± 3.95 (-)1.1 ± 1.23
11.5 7.2 ± 3.28 2.4 ± 1.41
19.1 28.2**± 4.03 10.6**± 1.61

SE, standard error of 6–7 replicates; negative values= hormesis or stimulatory
response.
* p<0.05.
** p<0.01.
*** p<0.001.

A.O. Aderemi et al. Aquatic Toxicology 203 (2018) 130–139

133



(Table 2).
CPX treatment caused a significant increase (F=3.1; df=4; p <

0.05) in protein content of R. subcapitata at 11.5 μM and the average
lipid content was significantly affected (F=5.4; df=4; p < 0.01) by
3.7, 5.8 and 11.5 μM treatments (Table 2). The algal carbohydrate
content was significantly affected (F=18.8; df=4; p < 0.001) by
CPX exposure and was significantly lower than the control at the
highest concentrations. The total energy content of CPX-exposed mi-
croalgae was higher than the Ea in control microalgae. This effect was
significant (F=7; df=4; p<0.001) at 5.8 and 11.5 μM of CPX
(Table 2).

3.6. Energy consumption

The Ec was significantly affected by SUF exposure (F=19.6; df=4;
p < 0.001), decreasing at the lowest concentration, and increasing
with the exposure concentrations (Fig. 2a). Significant increases and
decreases (F=23.1; df=4; p < 0.001) in Ec were observed at the
highest (17 and 40.8 nM) and lowest (8.5 nM) concentrations of ERY,
respectively (Fig. 2b) while CLA exposure, at the highest concentration,
led to a significant increase (F=21.7; df=4; p<0.001) in Ec (Fig. 2c).
A significant increase (F=55.6; df=4; p < 0.001) in microalgal Ec
was induced by CPX at 11.5 and 19.1 μM (Fig. 2d).

3.7. Cellular energy allocation

The cellular energy allocation (CEA) was used to estimate the
overall energy budget of R. subcapitata, derived from the ratio of the
available energy Ea (sum of protein, sugar and lipid reserve) to the
energy consumption Ec (as derived from the ETS activity). Thus, a

decline in CEA indicates a reduction in available energy or a higher
energy expenditure, both resulting in a lower amount of energy avail-
able for growth or reproduction (Verslycke et al., 2004a). From this
calculation, it was derived that R. subcapitata exposed to the highest
concentrations of the individual antibiotics had a reduced CEA com-
pared with the control microalgae. The CEA in R. subcapitata was sig-
nificantly affected (F=25.1; df=4; p < 0.001) by SUF at 2.96 and
8.3 μM and the lowest CEA was 1.8-fold lower than the control
(Fig. 2e). A significant reduction (F=25.6; df=4; p < 0.001) in CEA
was caused by ERY exposure at 17 and 40.8 nM (Fig. 2f). The lowest
CEA, caused by 40.8 nM of ERY, was 2.0 times lower than that of the
control. CLA, at the highest concentration, significantly decreased
(F=13.5; df=4; p<0.001) CEA to 1.5-fold of the control (Fig. 2g).
CEA in the microalgae was significantly affected (F=11.1; df=4;
p<0.001) by CPX and it was 1.5-fold lower and 1.3-fold higher than
the control at the highest (19.1 μM) and lowest (3.7 μM) concentra-
tions, respectively (Fig. 2h). Table 3 shows a comparison between the
120-h EC10 values for CEA, cell yield and growth rate parameters. The
EC10 values derived for both CEA and growth yield were similar for all
the tested antibiotics while the CEA based EC10 values were much lower
than the growth rate EC10 values. The CEA-based EC10 for SUF was 1.5
times lower than the growth yield-based EC10 threshold while for ERY,
the cellular-based EC10 value was 1.08 times lower than the organism-
based EC10. For CLA, the CEA-based EC10 was 1.04 times higher than
the EC10 value of growth yield, while for CPX, the net energy budget
EC10 value was 1.09-fold higher than its growth yield EC10.

3.8. Correlation between the various parameters measured in R. subcapitata

The correlation matrices depicting the strength of the linear

Fig. 1. Oxidative stress responses in Raphidocelis subcapitata exposed to sulfamethoxazole (a & e); erythromycin (b & f); clarithromycin (c & g); and ciprofloxacin (d &
h) for 120 h. **p < 0.01, ***p < 0.001. Error bar represents SE of 6–7 replicates.
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relationship between the various parameters or endpoints measured in
this study are shown in Tables 4 and 5. A strong positive correlation
between the two growth response variables, percent inhibition of cell
yield (%Iy) and growth rate (%Ir) inhibition, was obtained for all the
pharmaceuticals. For SUF, both growth parameters had strong positive
correlations with SOD activity and LPO while correlation with CEA was
not significant. While the growth response variables correlated strongly
with LPO and CEA for CPX and ERY, only %Iy correlated significantly
with SOD for ERY (Tables 4,5). Significant positive and negative cor-
relations were obtained between the growth parameters (%Iy & %Ir)
and SOD activity and CEA, respectively, for CLA. There was a strong
positive correlation between LPO and SOD activity for SUF and ERY.
The negative or indirect correlation between SOD activity and CEA was
significant for SUF, ERY, and CLA. A strong negative correlation be-
tween LPO and CEA was shown for SUF, CPX, and ERY. CEA sig-
nificantly correlated with all the measured parameters in ERY exposure
only (Table 5).

4. Discussion

The lowest observed growth yield inhibitory concentrations
(LOECs) of ERY (17 nM), CLA (0.76 nM), and CPX (19.1 μM) obtained
in this study (Table 1) are environmentally realistic as these antibiotics
have been measured up to the maximum levels of 122 nM, 0.48 nM, and
19.6 μM respectively in surface water (LfU, 2009; UBA, 2010; Hughes
et al., 2013; Baumann et al., 2015). The growth yield and rate inhibi-
tion of R. subcapitata strongly correlated with the exposure concentra-
tions of ERY and CPX after 120 h while correlation was not significant
for CLA and SUF concentrations (Tables 4 and 5). This may be due to
the instability or significant decrease in the concentrations of the an-
tibiotics in the test systems caused by degradation, uptake or other
reasons. The observation of hormetic effects in the test microalgae in
this study at low concentrations of the antibiotics have been reported in
literature (Soto et al., 2011). The macrolides (CLA and ERY) were the

most toxic to growth in this study (Table 1) and they have been re-
ported to be highly toxic to the afore-mentioned alga (Yang et al., 2008;
Liu et al., 2011; Gonzalez-Pleiter et al., 2013; Villain et al., 2016).

Both animal and plant cells can generate, via oxidative metabolism,
a number of different reactive oxygen species (ROS), including the
superoxide anion (O2

−), hydrogen peroxide (H2O2) and singlet oxygen
(O2) and by Fenton reaction, the hydroxyl radical (OH) (Halliwell and
Gutteridge, 2007). Although many ROS generating processes are slow
under normal conditions, these processes can be accelerated by xeno-
biotics (Torres et al., 2008). All ROS are harmful to organisms at high
concentrations (Apel and Hirt, 2004). The mitochondria and chlor-
oplasts of photosynthesizing organisms are simultaneously sources and
targets of oxidative injury due to the intense electron flux in their mi-
croenvironment. This is caused by the presence of elevated oxygen and
high metal ion concentrations (Couee et al., 2006).

Aerobic organisms express a battery of antioxidative enzymes that
contribute to the control of cellular ROS levels and several papers have
described the effects of antibiotics on algae (Nie et al., 2007; Liu et al.,
2012). Superoxide dismutase (SOD) is the cell’s first line of defense
against ROS by catalysing the disproportionation of O2

− to O2 and
H2O2 (Ken et al., 2005; Sun et al., 2017). Since O2

− is a precursor to
several other highly reactive species, control of this free radical con-
centration by SOD constitutes an important protective mechanism in
algae (Fridovich, 1997). In this work, effects of antibiotic stress on R.
subcapitata at the cellular level were addressed. The activity of SOD in
the microalgae was induced at concentrations of SUF (1.58–8.3 μM),
ERY (17–40.8 nM), and CLA (0.76 nM) toxic to growth and at CPX
concentration (11.5 μM) non-toxic to growth. The macrolide, ERY had
the most effect on SOD activity in this study followed by CPX. Nie et al.
(2013) reported a significant induction in SOD activity of R. subcapitata
at similar SUF concentrations (1.97, 5.92–9.88 μM) as this study but at
higher ERY concentrations (81.7–408.7 nM) and lower CPX levels
(4.5–7.5 μM).

The enhanced SOD activity in medium to high concentrations of

Table 2
Energy reserve and total energy contents of Raphidocelis subcapitata after exposure to different antibiotics for 120 h.

Drug Protein Lipid Carbohydrate Ea (Total energy)
μM mJ/106 cells

Sulfamethoxazole
Control 13089.2 ± 568 13534.9 ± 846 4727.8 ± 195 31351.9 ± 1150
0.24 10443.7a± 859 8233.8b± 542 2484.3c± 267 21161.9c± 1285
1.58 13389.5 ± 1013 15964.3 ± 840 4175.5 ± 560 33529.5 ± 1269
2.96 10852.2 ± 421 18911.2b±786 4927.2 ± 293 34690.7 ± 1055
8.30 7515.2c± 697 15519.9 ± 1371 4210.7 ± 526 27245.8 ± 2085

Erythromycin
Control 5486.5 ± 579 6862.4 ± 743 3657.8 ± 123 16006.7 ± 1086
8.00× 10−3 4551.6 ± 227 5571.1 ± 501 2628.6c± 149 12751.3 ± 623
1.19× 10−2 8631.1a±660 6639.7 ± 427 1469.7c± 45 16740.5 ± 797
1.70× 10−2 10452.8b± 551 7962.2 ± 357 1146.5c± 110 19561.6a±810
4.08× 10−2 6298.4 ± 377 7243.6 ± 843 1213.5c± 207 14755.7 ± 1192

Clarithromycin
Control 6259.1 ± 529 8370.9 ± 484 528.3 ± 57 15158.4 ± 891
2.8× 10−4 7100.1 ± 585 7965.9 ± 311 1337.4c± 101 16403.4 ± 887
4.6× 10−4 8244.2 ± 819 7250.5 ± 583 1355.1c± 71 16849.8 ± 1344
6.0× 10−4 9226.8a±862 8011.8 ± 491 464.1 ± 127 17703.5 ± 958
7.6× 10−4 6889.5 ± 593 8751.8 ± 1042 731.6 ± 79 16373.1 ± 1243

Ciprofloxacin
Control 3555.7 ± 247 5384.1 ± 312 1413.7 ± 96 10353.6 ± 492
3.7 4310.7 ± 542 7118.3b± 216 812.4c± 58 12241.5 ± 479
5.8 4395.4 ± 474 7655.8b± 560 1724.3a± 88 13775.6b±747
11.5 6055.3b± 744 6921.9a± 246 1118.1a± 80 14095.4b±721
19.1 4238.9 ± 505 6290.8 ± 200 1093.6a± 75 11623.4 ± 534

mean± SE of 6–7 replicates.
a p < 0.05.
b p < 0.01.
c p < 0.001.
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SUF and ERY in this study suggests that a higher antioxidative capacity
is necessary for R. subcapitata to scavenge ROS when the algae is ex-
posed to the antibiotics. The elevated activity of SOD in the algae at
CPX concentration non-toxic to growth agrees with the findings of
Kurama et al. (2002), that overproduction of SOD is the main me-
chanism for protecting plant chloroplasts against organic pollution. The
substantial decline in SOD activity at the highest concentration of CPX
may be attributed to the high accumulation of the superoxide radical,
derived from an imbalance between the rates of detoxification and
production of O2

− and exceeding the capacity of SOD to respond to the
radical levels.

Fig. 2. Energy consumption and cellular energy allocation changes in Raphidocelis subcapitata following 120 h exposure to sulfamethoxazole (a & e); erythromycin (b
& f); clarithromycin (c & g); and ciprofloxacin (d & h). *p < 0.05, **p < 0.01, ***p < 0.001. Error bar represents SE of 6–7 replicates.

Table 3
120 h EC10 values (μM) for CEA, growth yield, and growth rate.

Chemical CEA (EC10) Growth yield (EC10) Growth rate (EC10)

Sulfamethoxazole 0.90 1.37 2.57
Erythromycin 0.013 0.014 0.031
Clarithromycin 0.00065 0.00062 > 0.00076
Ciprofloxacin 13.53 12.38 18.33

Table 4
Correlation between parameters measured after sulfamethoxazole and ciprofloxacin exposures for 120 h.

Conc %IyS %IyX %IrS %IrX SodS SodX LpoS LpoX CeaS CeaX

%IyS 0.66 1
%IyX 0.85a – 1
%IrS 0.70 0.99b – 1
%IrX 0.87a – 0.99b – 1
SodS 0.75 0.91a – 0.94b – 1
SodX −0.21 – −0.33 – −0.4 – 1
LpoS 0.71 0.86a – 0.89a – 0.90a – 1
LpoX 0.93b – 0.97b – 0.98b – −0.26 – 1
CeaS −0.95b −0.72 – −0.77 – −0.85a – −0.86a – 1
CeaX −0.73 – −0.98b – −0.96b – 0.34 – −0.92a – 1

S & X= sulfamethoxazole and ciprofloxacin respectively.
Conc: pharmaceutical concentrations (actual); %IyS & %IyX: percent growth yield inhibition; %IrS & %IrX: percent growth rate inhibition; SodS & SodX: superoxide
dismutase activity; LpoS & LpoX: lipid peroxidation; CeaS & CeaX: cellular energy allocation. Correlation is significant at ap < 0.05, bp < 0.01.
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Superfluous ROS can react with lipids, proteins, or nucleic acids and
cause irreversible oxidative damage (Sies, 1997). In this study, all an-
tibiotics except CLA induced damage to lipids in R. subcapitata with its
LPO content increasing significantly at 2.96–8.3 μM, 19.1 μM, and
40.8 nM of SUF, CPX, and ERY, respectively, with SUF causing the
highest damage to lipid. Nie et al. (2013) found similar results when
addressing malondialdehyde levels, a routinely used index of LPO, and
these levels increased in R. subcapitata after a 96-h exposure to
5.92–9.88 μM SUF, 81.7–408.7 nM ERY, and 3–7.5 μM CPX.

In this present study, it was found that the activity of antioxidant
SOD was induced at some of the exposure concentrations to resist
oxidative insult. The degree of oxidative damage is decided by the
balance between ROS and antioxidants production (Jubany-Mari et al.,
2010), and could also be shown by the tested proxy, the LPO levels
(Qian et al., 2011). Consequently, the elevated LPO concentration ob-
served at the highest concentration of CPX in this study strongly cor-
relates with the decline in SOD activity in the microalga. In addition,
the high LPO levels in R. subcapitata following exposure to growth in-
hibitory levels of SUF and ERY suggests that the increase in SOD ac-
tivity or increased antioxidant responses was not enough to counteract
the accumulation of ROS and prevent oxidative damage. This is further
supported by the strong linear relationships between the individual
growth markers and SOD/LPO (Tables 4 and 5).

To the best of our knowledge, this is the first report to investigate
the effect of pharmaceuticals on the cellular energy allocation changes
in microalgae. As a result, findings from this study could only be
compared with other studies carried out using aquatic invertebrates.
Significant effects (p < 0.05) on the energy available or acquisition of
the microalgae were observed following antibiotic treatment. However,
the available energy (Ea) as a parameter does not seem to be a good
indicator of the organisms’ physiological status, since little variation in
energy content and absence of concentration-dependent responses were
observed. A higher protein, lipid, and carbohydrate contents as well as
a higher Ea were observed in the microalgae at some of the high con-
centrations of the antibiotics than in the control microalgae in this
study. The only exception was the concentration-dependent reduction
in carbohydrate content following ERY exposure. The accumulation of
energy reserves in green algae as responses to environmental stressors
have been reported in literature (Cheng and He, 2014; Paes et al.,
2016). Mysids exposed to the pesticide chlorpyrifos for 48 h were found
to have a significantly higher protein, lipid, and total energy content at
the highest concentrations than the control mysids (Verslycke et al.,
2004b). The reason behind this observation is not clearly understood
and may possibly be due to the need for the algae to counteract either
the decline in other energy fractions or the increase in energy ex-
penditure.

The results from this study clearly show that the antibiotic ex-
posures induced concentration-dependent significant effects on the
energy expenditure (Ec) of R. subcapitata. Growth yield inhibitory

concentrations of SUF (18.6–30.3%), CLA (28.7%), ERY (16.9–39.2%)
and CPX (28.2%) elicited a considerable increase in the energy con-
sumption of the microalgae which was responsible for the significant
decline in the CEA observed in this study. It was also reported by
Verslycke et al. (2004b) that the significant decrease in CEA in chlor-
pyrifos-exposed mysids was caused by the increase in the energy con-
sumption of the mysids. The stimulatory effect on microalgal growth
yield (up to 16%) observed at the lowest CPX concentration also highly
correlated with the increase in the net energy budget (CEA) (Table 1).
The elevated Ec reported at some of the inhibitory levels of the anti-
biotics may be attributed to the need for the microalgae to respond to
oxidative stress under these conditions, given the significant increases
in SOD activity. Based on CEA based EC10 values and also in agreement
with toxicity exerted towards growth, CEA in R. subcapitata was af-
fected by the antibiotics in the following order: CLA > ERY > SUF
> CPX.

The decline in CEA obtained in this study signifies a lower amount
of energy available for algal growth or cell division and explains the
significant growth yield inhibitory effects of the antibiotics. In addition,
pearsons correlation analysis between the CEA parameter and the other
endpoints reveals a significant (p < 0.05) linear relationship between
the CEA results and organismal level effects except in SUF exposure
where correlation was moderate. Coefficients of correlation (r2) be-
tween CEA values and %Iy/%Ir were −0.98/−0.96; −0.93/−0.92;
−0.95/−0.96 and −0.72/−0.77 for CPX, ERY, CLA, and SUF, re-
spectively. Likewise, apart from CLA, a strong indirect correlation was
found between the CEA responses and oxidative stress biomarker (LPO)
in this study. De Coen and Janssen (1997) also reported a strong linear
correlation between CEA parameter and a population level effect (in-
trinsic rate of natural increase) in Daphnia magna exposed to lindane
and mercury. It was concluded that such high correlations demonstrate
the possibility of linking energy-based suborganismal effect criteria
with effects emerging at the higher levels of biological continnum (De
Coen and Janssen, 1997).

Based on the LOECs and NOECs obtained in this study, only the LPO
agreed with the growth rate responses for all the antibiotics while the
Ec, CEA, and SOD responses were more sensitive than the growth rate
responses for all the tested antibiotics. These corroborate the theory of
higher sensitivities of endpoints at a lower level of biological organi-
zation (Verslycke et al., 2004b) and suggests that the use of cellular/
molecular biomarkers can be more sensitive and more informative than
some organismal level effects (e.g. growth rate) in monitoring the im-
pact of pharmaceuticals in microalgal aquatic ecosystems. The bio-
chemical responses of CEA have also been found to be more sensitive
than organismal responses in chlorpyrifos-exposed mysids (Verslycke
et al., 2004b).

The use of NOECs and LOECs has been faulted by some researchers
and the regression-based approach has been suggested as an alternative
method to estimate low toxic effect levels (Suter, 1996). The generation

Table 5
Correlation between parameters measured after erythromycin and clarithromycin exposures for 120 h.

Conc %IyE %IyC %IrE %IrC SodE SodC LpoE LpoC CeaE CeaC

%IyE 0.90a 1
%IyC 0.75 – 1
%IrE 0.92a 0.99b – 1
%IrC 0.74 – 1.00b – 1
SodE 0.67 0.81a – 0.77 – 1
SodC 0.68 – 0.99b – 0.99b – 1
LpoE 0.77 0.96b – 0.94b – 0.87a – 1
LpoC 0.70 – 0.76 – 0.76 – 0.71 – 1
CeaE −0.85a −0.93a – −0.92a – −0.94b – −0.91a – 1
CeaC −0.53 – −0.95b – −0.96b – −0.97b – −0.67 – 1

E & C= erythromycin and clarithromycin respectively.
Conc: pharmaceutical concentrations (actual); %IyE & %IyC: percent growth yield inhibition; %IrE & %IrC: percent growth rate inhibition; SodE & SodC: superoxide
dismutase; LpoE & LpoC: lipid peroxidation; CeaE & CeaC: cellular energy allocation. Correlation is significant at ap < 0.05, bp < 0.01.
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of similar toxicity threshold values for CEA and growth yield responses
(Table 3), suggests CEA as a reliable indicator of the physiological
status of R. subcapitata, and the energy budget model could be useful in
monitoring the health of the bioindicator algal species in the aquatic
ecosystem. CEA also exhibited much lower EC10 values than the growth
rate in this study, an indication that it is more sensitive and reliable as
an indicator of toxic effects in green algae.

5. Conclusions

In summary, exposure to the antibiotics caused significant effects on
the growth or physiology of R. subcapitata, which were detected at
cellular levels of biological organization by biochemical biomarkers
such as SOD, LPO, Ec, and CEA, used in this study. These lower tier
endpoints provided information on the various mechanisms of toxicity
of the tested antibiotics. The decline in microalgal CEA caused by a
considerable increase in Ec elucidates the growth inhibitory effects seen
at the organismal level. CEA generated similar toxicity threshold values
as the growth yield responses, thus stimulating its use as an alternative
or complementary approach in measuring the physiological aberrations
in microalgae exposed to pharmaceuticals. In addition, SOD, Ec, and
CEA were more sensitive than the classical endpoint of growth rate for
all the antibiotics in this study. However, more work is required to
determine whether these endpoints would provide a consistent re-
sponse to a wide range of antibiotics or pharmaceuticals. To avoid the
underestimation of pharmaceutical effects in the aquatic ecosystem,
relevant water regulation authorities should consider the integration of
these more sensitive, informative and proactive models into the risk
assessment of pharmaceuticals.
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