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a b s t r a c t

Antibiotics may affect both primary producers and decomposers, potentially disrupting ecosystem pro-
cesses. Hence, it is essential to assess the impact of antibiotics on aquatic ecosystems. The aim of the
present study was therefore to evaluate the potential of a recently developed test for detecting antibiotics
in animal tissue, the Nouws Antibiotic Test (NAT), as a sensitive bioassay to assess the effects of antibi-
otics in water. To this purpose, we determined the toxicity of sulphamethoxazole, trimethoprim, flumeq-
uine, tylosin, streptomycin, and oxytetracycline, using the NAT adapted for water exposure. The
sensitivity of the NAT was compared to that of bioassays with bacteria (Microtox), cyanobacteria and
green algae. In the Microtox test with Vibrio fischeri as test organism, no effects were observed for any
of the test compounds. For three of the six antibiotics tested, the cyanobacteria were more vulnerable
than the green algae when using photosynthetic efficiency as an endpoint. The lowest EC50 values for
four out of six tested antibiotics were obtained using the NAT bacterial bioassay. The bacterial plate sys-
tem responded to antibiotics at concentrations in the lg L�1 and lower mg L�1 range and, moreover, each
plate proved to be specifically sensitive to the antibiotics group it was designed for. It is concluded that
the NAT bioassay adapted for water exposure is a sensitive test to determine the presence of antibiotics in
water. The ability of this test to distinguish five major antibiotic groups is a very strong additional value.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Antibiotics are widely used to treat infections in humans and
are applied intensively for veterinary purposes. Because they are
poorly metabolized in the body (Christensen, 1998; Andreozzi
et al., 2006; Vieno et al., 2006) and incompletely degraded in
wastewater treatment plants (Lanzky and Halling-Sørensen,
1997; Hartmann et al., 1998; Arslan-Alaton and Caglayan, 2006),
antibiotics are continuously introduced into the environment. Con-
sequently, in spite of their relatively short environmental half-
lives, they are ubiquitous in aquatic environments.

In addition to the human health risks of the presence of an
increasing amount of resistant bacteria in the environment (Kim
and Aga, 2007; Kümmerer, 2009), and the unwanted presence of
antibiotics in drinking water (Zuccato et al., 2000; Ye et al.,
2007), there is a growing concern for the ecological risk of antibi-
otics in the aquatic environment. Antibiotics are specifically
ll rights reserved.

.

applied to fight pathogenic bacteria, but in the environment non-
target organisms are inevitably exposed (Flaherty and Dodson,
2005), resulting in a potential risk of negative effects on indigenous
microorganisms. These non-target microorganisms provide impor-
tant ecosystem services, such as nutrient cycling, organic matter
mineralization and degradation of pollutants (Näslund et al.,
2008). But also primary producers, like microalgae and especially
cyanobacteria, being prokaryotes, may be vulnerable to antibiotics
(Cabello, 2006; Maul et al., 2006). Thus, antibiotics may affect both
primary producers and decomposers, potentially disrupting eco-
system processes. Therefore, it is essential to monitor and assess
the impact of antibiotics on aquatic ecosystems.

Water quality monitoring has historically relied heavily on
chemical analyses. Such measurements may identify compounds
present in the environment, but do not give insight in the bioavail-
ability of the present toxicants and the joint effects of mixtures of
(un)known compounds on biota (Hendriks et al., 1994). Therefore,
bioassays are deployed as a complementary tool, giving insight in
biological effects. Ideally, but seldomly achieved, bioassays should
also indicate the group of compounds responsible for the observed
effect. Since bacteria are the target organisms for antibiotics, we

http://dx.doi.org/10.1016/j.chemosphere.2010.04.011
mailto:m.h.s.kraak@uva.nl
http://www.sciencedirect.com/science/journal/00456535
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expected that toxicity assessment with bacteria would provide a
sensitive method to determine the effects of antibiotics in the
aquatic environment. Yet, the classical acute Microtox test system,
with a marine bacterium (Vibrio fischeri) as test organism, has not
proven very sensitive to antibiotics (Ferrari et al., 2004; Isidori
et al., 2005; Christensen et al., 2006). Alternatively, cyanobacteria
could be used as test organisms and it has indeed been found that
cyanobacteria were up to two orders more sensitive to antibiotics
than green algae (Holten-Lützhøft et al., 1999; Halling-Sørensen,
2000). These classical algal growth toxicity tests are however not
rapid screening tools and are not capable of identifying different
groups of antibiotics. Alternatively, algal toxicity testing can also
be performed with photosynthetic efficiency as acute endpoint in-
stead of growth inhibition as chronic endpoint (e.g. Drábková et al.,
2007a), making the test less time consuming, but still not capable
of identifying the causing group of agents.

The aim of the present study was therefore to evaluate the po-
tential of a recently developed test for detecting antibiotics in ani-
mal tissue, the Nouws Antibiotic Test (NAT, Pikkemaat et al., 2008),
as a sensitive bioassay to determine the effects of antibiotics in
water. The ability of this method to distinguish five major antibi-
otic groups may prove a very strong additional value. We com-
pared the sensitivity of the NAT test to bioassays with a green
alga and with a cyanobacterium using photosynthetic efficiency
as an endpoint, and with the classic acute Microtox test using
bacteria.
2. Materials and methods

2.1. Test compounds

Test compounds were chosen to represent different classes of
antibiotics. Evidence of occurrence in surface water (Hirsch et al.,
1999; Hilton and Thomas, 2003; Schrap et al., 2003) and stability
and solubility were additional criteria for selection. The following
antibiotics were selected: sulphamethoxazole, trimethoprim and
flumequine (ICN Biomedicals Inc., Aurora, OH, USA), tylosin tartate
and streptomycin sulfate (Sigma–Aldrich, Zwijndrecht, The Neth-
erlands), and oxytetracycline dihydrate (Arcos Organics, Fisher
Emergo BV, Landsmeer, The Netherlands).

Sulphamethoxazole (a sulphonamide) is a folate antagonist,
blocking the conversion of p-aminobenzoic acid to the coenzyme
dihydrofolic acid in microorganisms. Trimethoprim also interferes
with folate synthesis in susceptible bacteria by binding to, and
reversibly inhibiting the enzyme dihydrofolate reductase. Sulpha-
methoxazole and trimethoprim are often prescribed together
because of their synergistic effect. They are broad-spectrum antibi-
otics and active against gram negative and gram positive bacteria
(Sweetman, 2002). Flumequine (a fluoroquinolone) inhibits the
bacterial DNA gyrase, which prevents DNA replication; it is most
effective against gram-negative bacteria (Rang et al., 1995). Tylosin
(a macrolide) is a veterinary antibiotic. Macrolides exert their anti-
biotic effects by binding irreversibly to the 50S subunit of bacterial
ribosomes, inhibiting translocation of tRNA during translation (the
production of proteins under the direction of DNA). This action is
mainly bacteriostatic, meaning that bacterial growth and repro-
duction are inhibited, in contrast to bactericidal antibiotics which
directly kill bacteria. Tylosin has a narrow working spectrum and
is active against gram positive bacteria (Sweetman, 2002). Strepto-
mycin (an aminoglycoside) irreversibly binds to the bacterial 30S
ribosome, freezing the 30S initiation complex (30S-mRNA–RNA)
so that no further initiation can occur. It also slows down protein
synthesis that was already initiated and induces misreading of
the mRNA (Sweetman, 2002). Oxytetracycline (a tetracycline) is a
broad-spectrum antibiotic that inhibits bacterial protein synthesis
by preventing the association of aminoacyl-tRNA with the bacterial
ribosome (Sweetman, 2002).

The antibiotics were dissolved in Milli-Q water prior to testing
and were diluted with the appropriate medium immediately
before the tests. Twelve (NAT test), 10 (algal tests) and four
(Microtox� test) concentrations per compound were tested, rang-
ing from 0.1 lg L�1 to 10 mg L�1 (ranges were smaller when solu-
bility of the compounds was low). Medium without compounds
was used as a control. In all biological tests, we referred to nominal
(=initial) antibiotic concentrations.

2.2. Bioassays with algae and cyanobacteria

The green alga Pseudokirchneriella subcapitata (SKULBERG1959/
1, CCALA433, formerly known as Selenastrum capricornutum or
Raphidocelis subcapitata) was cultivated in a continuous culture
on Woods Hole medium (Guillard and Lorenzen, 1972). The culture
was continuously aerated (50 L h�1) in a 1 L chemostat at 20 �C and
permanently illuminated with two circleline TL tubes (32W cool
white). Two weeks prior to the experiments, algae were transferred
to a batch culture and replenished with fresh medium every 2 d to
adapt to static conditions. The cyanobacterium Microcystis aerugin-
osa (PCC 7806) was cultivated in Erlenmeyer flasks at 20 �C, an
irradiance of 10 lmol m�2 s�1, and a light/dark cycle of 16 h/8 h
for 3–5 d to achieve exponential growth phase.

At the start of the toxicity tests, the algal cultures were diluted
with fresh medium to achieve an initial cell density of 3 � 106

mL�1 for P. subcapitata and 10 � 106 mL�1 for M. aeruginosa. These
cell densities were the lowest possible for reliable measurements
with pulse amplitude modulated (PAM) fluorometry (see below)
and represent approximately equal biomass levels for each of the
two test species. Cell densities were verified using a Bürker count-
ing chamber.

Toxicity tests were performed in transparent polystyrol flatbot-
tom 96-well microplates (Greiner, Bio One BV, Alphen ad Rijn, The
Netherlands). Per well, a volume of 100 lL of algal suspension, di-
luted with 200 lL Dutch Standard Water (DSW) (NEN, 1980) with
or without antibiotics was used. Each concentration of antibiotics
was tested in triplicate, but for the controls six replicates
were tested. The tests were run for 24 h at 20 �C at an irradiance
of 30 lmol m�2 s�1 for P. subcapitata and 10 lmol m�2 s�1 for
M. aeruginosa.

After 24 h of exposure, the maximal yield of photosystem II was
determined by PAM fluorescence, using a PAM-CONTROL fluorom-
eter (Heinz Waltz GmbH, Germany), as in Drábková et al. (2007a).
The cells were dark-adapted for 30 min before measurements. The
parameters measured were: F0, the minimal fluorescence signal of
dark-adapted cells and Fm, the maximal signal of dark-adapted
cells obtained with a saturating light pulse. These parameters al-
low the calculation of the maximal yield of photosystem II (Fv/Fm

or (Fm � F0)/Fm) which indicates the capacity of dark-adapted cells
to convert light energy into chemical energy. This nomenclature is
according to Van Kooten and Snel (1990). Fv/Fm is biomass inde-
pendent and can be used as an indicator for the fitness of photo-
synthetic organisms. Control yield (Fv/Fm) was: 0.21 ± 0.04
(n = 36) for M. aeruginosa and 0.62 ± 0.02 (n = 36) for P. subcapitata,
in agreement with values reported by Drábková et al. (2007b).
Atrazine was included as positive control.

2.3. Bioassays with bacteria

The Microtox� test system measures the decrease in light out-
put of the luminescent marine bacterium V. fischeri. Toxicants
affecting the metabolism of the bacterium reduce luminescence,
which was measured after 30 min and compared to the control
(Bulich, 1979). Phenol was included as positive control.
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The Nouws Antibiotic Test (NAT) for detecting veterinary drug
residues (Pikkemaat et al., 2008) was adjusted for analysis of water
samples. The test comprises a medium inoculated with a bacte-
rium susceptible to a specific group of antibiotics and relies on agar
diffusion of the antibiotic compound, with bacterial growth as end-
point. The original test consists of five plates which provide a
group-specific identification: the T-plate for detection of tetracy-
clines, the Q-plate for detection of quinolones, the B&M-plate for
detection of ß-lactams and macrolides (including lincosamides
and pleuromutilins), the S-plate for the detection of sulphona-
mides and the A-plate for detection of aminoglycosides. For the
analysis of water samples, the original format of the test, an agar
layer in a square 120 � 120 mm petridish comprising nine sample
holes, was converted to a microtiter format. The A-plate composi-
tion, however, proved to be incompatible with this change of for-
mat (the microorganism appeared not to be viable under the
applied conditions), so the A-plate was omitted from the test. Basic
media containing 31.4 g L�1 Iso-sensitest Agar (Oxoid) (T-plate and
B&M-plate), 15.7 g L�1 Plate Count Agar (Difco) + 1% of a 1-M phos-
phate buffer pH 6.5 (Q-plate) and 40 g L�1 Diagnostic Sensitivity
Test Agar (Oxoid) (S-plate) were sterilized for 15 min. After cooling
down to 48 �C the T-plate was prepared by adjusting pH of the agar
to 6.0, adding 500 lg L�1 chloramphenicol and inoculating the agar
with 105 CFU mL�1 Bacillus cereus ATCC 11778. The Q-plate was
prepared by inoculating the agar with 106 CFU mL�1 Yersinia ruck-
eri NCIMB 13282. The B&M-plate was prepared by adjusting the pH
to 8.0, adding 7.5 lg L�1 tylosin and inoculating 106 CFU mL�1

Micrococcus luteus ATCC 9341. The S-plate was prepared by adjust-
ing the pH to 7.0, adding 7 lg L�1 trimethoprim and inoculating
L

Fig. 1. Inhibition of photosynthetic yield (Fv/Fm) measured in the algal tests (closed symb
after 24 h exposure, expressed as mean percentage of the corresponding controls with
Hatched lines: response curves for Pseudokirchneriella subcapitata, solid lines: response
bacteria on T-plate, h: bacteria on S-plate, D: bacteria on Q-plate, r: bacteria on M-pla
with 106 CFU mL�1 Bacillus pumilus CN 607. Inoculated agars
(200 lL per well) were pipetted in a flatbottom transparent
polystyrol 96-well plate (Greiner bio One BV, Alphen ad Rijn, The
Netherlands). After solidification of the agar, a dilution series of
each test compound was added to a plate-specific buffer (1 M
phosphate buffers at pH 6.0 (T-plate), pH 6.5 (Q-plate), pH 8.0
(B&M-plate) and a 0.5 M phosphate buffer pH 8.0 for the S-plate)
in a ratio of 1:9, and directly applied onto the agar (70 lL of sample
in buffer) in duplicate. At the start of the experiment the optical
density (OD 600 nm) was read using a plate reader, and the plates
were incubated at the appropriate temperature (T-, Q- and M-plate
at 30 �C and S-plate at 37 �C). After 24 h of exposure, the wells
were rinsed with water to eliminate contamination by fungi and
bacteria growing on top of the agar, and the optical density
(600 nm) of the agar was measured. Change in OD (DOD) was cal-
culated by subtracting the initial OD from the OD at the end of the
experiment. Neomycin, flumequine, erythromycin, sulphamethox-
azole and oxytetracycline were included as positive control.

2.4. Data analysis

Inhibition of photosynthetic yield (Fv/Fm) and inhibition of
growth (DOD) were expressed as percentage of the corresponding
controls and plotted against the nominal antibiotic concentrations
in the water. EC50 values (50% inhibition concentration) and their
corresponding 95% confidence limits were calculated by a nonlin-
ear curve-fitting procedure in GraphPad 5 program using the
log vs. response with variable slope model: Y = Bottom + (Top–
Bottom)/(1 + 10^((Log EC50 � X) * HillSlope)) in which Y is the
L

ols) and inhibition of growth (DOD) measured in the bacterial tests (open symbols)
standard deviation, plotted against the nominal antibiotic concentrations (mg L�1).
curves for Microcystis aeruginosa, dotted lines: response curves for the bacteria; s:
te, j: cyanobacterium, N: green alga.
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inhibition (% of control value), HillSlope is the slope, and X is log
concentration (mg L�1).
3. Results

In the acute Microtox test the positive control showed inhibi-
tion, but no effect was observed for any of the antibiotics in the
tested concentration range (results not shown). In the test with
the green alga clear concentration response relationships were ob-
tained for four of the six tested compounds (Fig. 1). In the cyano-
bacterial test and in the Nouws Antibiotic Test this was the case
for five of the six compounds. From the concentration–response
curves median effective concentrations (EC50) and the correspond-
ing 95% confidence intervals were derived (Table 1).

For trimethoprim, sulphamethoxazole, oxytetracycline and
flumequine, the lowest observed EC50 values (0.028, 0.052, 0.081
and 0.2 mg L�1 respectively) were obtained in the bacterial plate
tests. These EC50 values were found on the plate sensitive to the
antibiotic group to which the tested antibiotic belonged: trimeth-
oprim and sulphamethoxazole (a di-amino pyrimidine and a sul-
phonamide) on the S-plate, oxytetracycline (a tetracycline) on
the T-plate and flumequine (a fluoroquinolone) on the Q-plate.
The M-plate was the most sensitive bacterial plate to tylosin, a
macrolide (EC50 of 0.57 mg L�1). The S-plate also responded to tyl-
osin, but with a higher EC50 (Fig. 1). The lowest observed EC50
(0.034 mg L�1) for streptomycin was found for the cyanobacteria.

The overall lowest observed EC50 (0.0089 mg L�1) was found
for the green algae exposed to tylosin. In our study we did not ob-
serve a generally higher sensitivity of cyanobacteria to the tested
antibiotics compared to the green algae, since for oxytetracycline
and tylosin the green algae (EC50 values of 0.6 and 0.089 mg L�1

respectively) were more sensitive than the cyanobacteria (EC50
values of 5.4 and 0.29 mg L�1 respectively).

Overall toxicity of the tested antibiotics in increasing order of
EC50 value was: tylosin (0.0089 mg L�1 for green algae), trimetho-
prim (0.028 mg L�1 on S-plate), streptomycin (0.034 mg L�1 for
cyanobacteria), sulphamethoxazole (0.052 mg L�1 on S-plate), oxy-
tetracycline (0.081 mg L�1 on T-plate) and flumequine (0.2 mg L�1

on Q-plate).
4. Discussion

Because of their prokaryotic nature, bacteria were expected to
be the most sensitive to antibiotics. Yet, in the classical acute
Microtox test with V. fischeri as test organism, no effects were ob-
served for any of the test compounds after 30 min of exposure. This
is in agreement with previous studies applying the Microtox test
Table 1
EC50 values (mg L�1 [95% CI]) for the six tested antibiotics obtained in the tests with four b
(Q) and macrolides (M) derived from growth inhibition (DOD) response curves, the acute
(Pseudokirchneriella subcapitata) and cyanobacteria (Microcystis aeruginosa) derived from inh
concentration.

Bact. (T) Bact. (S) Bact. (Q)

Tylosin >3.1 1.09 >3.1
[0.80–1.48]

Trimethoprim >0.35 0.028 >0.35
[0.022–0.035]

Sulphamethoxazole >1.5 0.052 >1.5
[0.043–0.063]

Streptomycin >2.9 >2.9 >2.9

Oxytetracycline 0.081 >0.15 >0.15
[0.077–0.086]

Flumequine >1.2 >1.2 0.20
[0.17–0.24]
(Ferrari et al., 2004; Isidori et al., 2005; Christensen et al., 2006)
and is most likely due to the very short exposure time (15–
30 min) rather than to insensitivity of V. fischeri to antibiotics. This
is confirmed by Thomulka et al. (1993) who reported substantial
effects of several antibiotics on reproduction of the microbe Vibrio
harveyi after 5 h of exposure, but obtained little evidence for short-
term effects on bioluminescence. Similar time-dependent effects of
antibiotics were found for V. fischeri in the Microtox test (Backhaus
and Grimme, 1999; Froehner et al., 2000). Hence applying the
Microtox tests to assess the effects of antibiotics would require a
much longer exposure period than the prescribed 30 min. By doing
so, reliable effect concentrations may be obtained, closer to the
ones for the other tests species.

Alternatively, cyanobacteria could be used as test organisms,
since it has been found that cyanobacteria were up to two orders
more sensitive to antibiotics than green algae (Holten-Lützhøft
et al., 1999; Halling-Sørensen, 2000). These classical algal growth
toxicity tests are however not rapid screening tools, lasting for
3 d (green algae) or 7 d (cyanobacteria). To decrease exposure time,
in the present study photosynthetic efficiency was measured as
acute endpoint after 24 h of exposure. Below we will compare
the sensitivity of the two methods for both green algae and cyano-
bacteria and will evaluate if cyanobacteria are still more sensitive
to antibiotics than green algae when photosynthetic efficiency
after 24 h of exposure is used as acute endpoint instead of growth
as chronic endpoint after 3 or 7 d of exposure.

For tylosin, reported EC50growth values for P. subcapitata are up
to 140 times higher than effect concentrations calculated in the
present study using photosynthetic efficiency as acute endpoint
(Table 2). This suggests that for this antibiotic, photosynthesis is
more sensitive than growth. This is remarkable, since none of the
tested antibiotics was designed to specifically affect photosynthe-
sis (see Section 2.1). For trimethoprim, relatively high EC50 values
were observed (Table 2), confirming the low sensitivity of
P. subcapitata to this antibiotic, measured with different endpoints.
For sulphamethoxazole, EC50growth values are one to two orders of
magnitude lower than for the photosynthetic endpoints deter-
mined in the present study (Table 2), suggesting that expression
of effects of this antibiotic requires more time, or that photosyn-
thesis of P. subcapitata is not as susceptible to sulphamethoxazole
as growth, as expected considering the mode of action of the anti-
biotics. Likewise, for streptomycin, the present EC50 value is 10
times higher than the reported EC50growth value (Table 2). For oxy-
tetracycline, the present EC50 value is in the range of EC50 values
found after 3 d (Table 2). For flumequine, we only observed the on-
set of inhibition at the tested concentration range, which is above
reported EC50 values (Table 2). Thus only for tylosin, photosyn-
thetic efficiency was a much more sensitive acute endpoint, while
acterial plates specifically sensitive to tetracyclines (T), sulphonamides (S), quinolones
Microtox test derived from inhibition of luminescence, and the tests with green algae

ibition of photosynthetic yield (Fv/Fm) response curves. >: EC50 above the highest test

Bact. (M) Microtox P. subcapitata M. aeruginosa

0.57 >1.8 0.0089 0.29
[0.53–0.61] [0.0080–0.0098] [0.25–0.33]
>0.35 >0.28 >9.0 6.9

[6.2–7.7]
>1.5 >1.5 >9.0 0.55

[0.35–0.84]
>2.9 >0.4 1.5 0.034

[0.66–3.5] [0.013–0.087]
>0.15 >0.1 0.60 5.4

[0.56–0.62] [4.6–6.4]
>1.2 >0.8 �16 >8.8



Table 2
Comparison of EC50 values (mg L�1; 95% CI between brackets) reported in literature and obtained in the present study. Effect concentrations are listed for the cyanobacterium
Microcystis aeruginosa and the green alga Pseudokirchneriella subcapitata for the six tested antibiotics. Expo = exposure time (d).

Antibiotic Microcystis aeruginosa Expo (d) Pseudokirchneriella subcapitata Expo (d) Reference

Tylosin 0.29 (0.25–0.33) 1 0.0089 (0.0080–0.0098 1 Present study
0.411 (0.387–0.437) 3 Eguchi et al. (2004)
0.21 (nd) 3 Yang et al. (2008)

0.034 (0.024–0.048) 7 1.38 (0.97–1.96) 3 Halling-Sørensen (2000)

Trimethoprim 6.9 (6.2–7.7) 1 >9 1 Present study
150 (nd) 7 Ando et al. (2007)

80.3 (74.4–86.7) 3 Eguchi et al. (2004)
40 (nd) 3 Yang et al. (2008)

112 (100–126) 7 110 (64–192) 3 Halling-Sørensen et al. (2000)
112 (100–126) 7 130 (81–211) 3 Holten-Lützhøft et al. (1999)

Sulphamethoxazole 0.55 (0.35–0.84) 1 >9 1 Present study
0.146 (nd) 4 Ferrari et al. (2004)
1.53 (1.40–1.68) 3 Eguchi et al. (2004)
1.9 (nd) 3 Yang et al. (2008)
0.52 (0.36–0.74) 3 Isidori et al. (2005)

Streptomycin 0.034 (0.013–0.087) 1 1.5 (0.66–3.5) 1 Present study
0.007 (0.006–0.008) 7 0.133 (0.034–0.357) 3 Halling-Sørensen (2000)

Oxytetracycline 5.4 (4.6–6.4) 1 0.6 (0.56–0.62) 1 Present study
0.23 (nd) 7 Ando et al. (2007)

0.342 (0.321–0.364) 3 Eguchi et al. (2004)
0.17 (0.11–0.25) 3 Isidori et al. (2005)

0.207 (0.175–0.246) 7 4.5 (2.3–8.6) 3 Holten-Lützhøft et al. (1999)

Flumequine >8.8 1 �16 1 Present study
1.96 (1.76–2.16) 5 5 (4.8–5.2) 3 Robinson et al. (2005)
0.159 (0.066–0.382) 7 5 (1.6–16) 3 Holten-Lützhøft et al. (1999)
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for other antibiotics (sulphamethoxazole), the classical chronic
method using growth after 3 d of exposure was much more sensi-
tive, in line with the mode of action of the antibiotics (see Section
2.1).

Using the cyanobacterium M. aeruginosa as test organism for
tylosin, streptomycin, flumequine and oxytetracycline, a one order
of magnitude lower EC50 value was observed after 7 d in the clas-
sical growth test than in the present study (Table 2). For sulpha-
methoxazole, no literature data for M. aeruginosa are available.
Thus, in contrast to the test with the green algae, the test with
the cyanobacteria with an exposure time of 24 h and photosyn-
thetic efficiency as acute endpoint systematically yielded higher
EC50 values than the classical chronic growth test. This is in line
with the mode of action of the antibiotics, not specifically designed
to affect photosynthesis. In addition, the long exposure time (7 d)
applied in the classical chronic growth test may have contributed
to the low EC50 values reported in literature. This is confirmed
by Robinson et al. (2005) applying an exposure time of 5 d instead
of 7, resulting in an EC50 value of one order of magnitude higher
than after 7 d exposure (1.96 and 0.159 mg L�1). Thus applying
photosynthesis as acute endpoint in cyanobacterial and green al-
gae tests reduces exposure time, but often also sensitivity, not only
due to the shorter exposure time, but also to the lack of specific ef-
fects of the antibiotics on photosynthesis.

Cyanobacteria are generally one to two orders of magnitude
more sensitive than green algae when growth is measured as
chronic endpoint (Holten-Lützhøft et al., 1999; Halling-Sørensen,
2000; Robinson et al., 2005). When photosynthetic efficiency after
24 h of exposure is used as acute endpoint however, only for three
of the six antibiotics tested, the cyanobacteria were more vulnera-
ble than the green algae (Table 2). Tylosin and oxytetracycline af-
fected the green algae at concentrations one or two orders of
magnitude lower than the cyanobacteria. Thus although cyanobac-
teria can be considered as target organisms for antibiotics, they are
not always more sensitive to antibiotics than green algae.

Applying photosynthesis as acute endpoint in algal tests re-
duces exposure time, making the tests much more rapid, but nev-
ertheless, algal tests are not capable of identifying different groups
of antibiotics. The aim of the present study was therefore to eval-
uate the potential of a recently developed test for detecting antibi-
otics in poultry meat, the Nouws Antibiotic Test (NAT) (Pikkemaat
et al., 2008), as a sensitive method to determine effects of antibiot-
ics in water. In the present study, the lowest EC50 values for four
out of six tested antibiotics were indeed obtained using the
adapted NAT test, even though the agar constituents may have de-
creased the bioavailability of antibiotics. The bacterial plate system
responded to antibiotics at concentrations in the lg L�1 and lower
mg L�1 range and, moreover, each plate proved to be specifically
sensitive to the antibiotics group it was designed for. Only for tyl-
osin green algae were more sensitive than bacteria. For streptomy-
cin, the sixth antibiotic tested, its specific plate (A-plate) could not
be converted to a microtiter format. Considering the results re-
ported for the original test format (Pikkemaat et al., 2008), it seems
unlikely that a functional A-plate would be more sensitive than the
EC50 of 0.034 mg L�1 found with the cyanobacteria in this study.
For sulphamethoxazole, flumequine, trimethoprim and oxytetracy-
cline enough data is available to compare the effect concentrations
obtained in the present study with concentrations measured in the
field (Hirsch et al., 1999; Hilton and Thomas, 2003; Schrap et al.,
2003; Roberts and Thomas, 2006). This comparison reveals that
environmental concentrations are in the lg L�1 range, while effects
concentrations are generally in the higher lg L�1, lower mg L�1

range. Yet, this may not hamper application of the adapted NAT
test for monitoring the presence of antibiotics in field samples,
since in routine monitoring programs in the Netherlands, water
samples are concentrated up to a factor of 1000.
5. Conclusion

It is concluded that the NAT test adapted for water exposure is a
sensitive test to determine the presence of antibiotics in water. The
ability of this test to distinguish five major antibiotic groups is a
very strong additional value.
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