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In this study, we propose the use of the marine green alga Ostreococcus tauri, the smallest free-living eukaryotic cell known to
date, as a new luminescent biosensor for toxicity testing in the environment. Diuron and Irgarol 1051, two antifouling biocides
commonly encountered in coastal waters, were chosen to test this new biosensor along with two degradation products of diuron.
The effects of various concentrations of the antifoulants on four genetic constructs of O. tauri (based on genes involved in pho-
tosynthesis, cell cycle, and circadian clock) were compared using 96-well culture microplates and a luminometer to automati-
cally measure luminescence over 3 days. This was compared to growth inhibition of O. tauri wild type under the same condi-
tions. Luminescence appeared to be more sensitive than growth inhibition as an indicator of toxicity. Cyclin-dependent kinase
(CDKA), a protein involved in the cell cycle, fused to luciferase (CDKA-Luc) was found to be the most sensitive of the biosensors,
allowing an accurate determination of the 50% effective concentration (EC50) after only 2 days (diuron, 5.65 � 0.44 �g/liter;
Irgarol 1015, 0.76 � 0.10 �g/liter). The effects of the antifoulants on the CDKA-Luc biosensor were then compared to growth
inhibition in natural marine phytoplankton. The effective concentrations of diuron and Irgarol 1051 were found to be similar,
indicating that this biosensor would be suitable as a reliable ecotoxicological test. The advantage of this biosensor over cell
growth inhibition testing is that the process can be easily automated and could provide a high-throughput laboratory approach
to perform short-term toxicity tests. The ability to genetically transform and culture recombinant O. tauri gives it huge potential
for screening many other toxic compounds.

The presence of pollutants in the natural environment is one of
the main causes of ecosystem degradation. Increased anthro-

pogenic activity results in a global degradation of marine and es-
tuary environments (1). Marine organisms are exposed to a suite
of pollutants, including heavy metals, polycyclic aromatic hydro-
carbons, pesticides, and antifouling biocides. There is an urgent
need to develop new sensitive, rapid, automatic, and inexpensive
toxicity tests to analyze the effects of the increasing numbers of
chemicals released into the marine environment and also the
combined effect of these pollutants, which may exhibit synergistic
toxicity (2, 3).

Microalgae are well suited for toxicity bioassays because they
are sensitive to a wide variety of both organic and inorganic pol-
lutants (4). There are several ways to determine the response of
marine phytoplankton species to toxic substances. Growth inhi-
bition can be tested by measuring cell density (e.g., by measuring
optical density or chlorophyll a) (5). It can also be measured by
cell counting using an optical microscope (6) or a flow cytometer
(7). The toxic effect of chemicals on phytoplankton can also be
assessed by measuring the effective photosystem II (PSII) quan-
tum yield with a pulse-amplified modulation fluorometer (5, 7).
Naturally bioluminescent marine microorganisms can also be
useful indicators of toxicity. The best-known test, Microtox, is
based on the naturally luminescent marine bacteria Vibrio fischeri
and has been internationally adopted as a rapid screening test (8,
9). This test, however, is not suitable for all pollutants, particularly
those targeting photosynthetic species. To complete the Microtox
test, the use of bioluminescent marine dinoflagellates, including
Ceratocorys horrida, Pyrocystis noctiluca, Pyrocystis lunula, Pyro-
cystis fusiformis, and Pyrophacus stienii, has been developed in the
QwikLite test (10), which has yielded results similar to those of
classical ecotoxicological tests based on enumeration of phyto-

plankton cells (11). An alternative strategy is to develop genetic
engineering tools to express recombinant luciferase (Luc) in fast-
growing microorganisms expressing recombinant luciferase. Re-
combinant microorganisms, such as Escherichia coli encoding the
thermostable lux luciferase from Photorhabdus luminescens (12)
and Synechocystis sp., a freshwater cyanobacterium, encoding the
thermostable luciferase from the firefly Photinus pyralis (13) have
been used for both industrial effluent (14, 15) and soil environ-
ment (16, 17) monitoring. To the best of our knowledge, marine
microorganism recombinant biosensors have never been devel-
oped for ecotoxicological testing.

Recently, following the development of genetic engineering
tools (18), the green unicellular alga Ostreococcus tauri (Mamiel-
lophyceae class, Mamelliales order), has emerged as new model
organism. O. tauri, the smallest free-living eukaryotic cell known
to date (19, 20), was isolated from the Thau lagoon (Mediterra-
nean coastal lagoon, France), a biotope particularly exposed to
anthropic pollution. This fast-growing picoalga does not produce
natural bioluminescence. Firefly luciferase transcriptional and
translational reporter lines have been produced to monitor the
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expression of genes/proteins involved in diverse biological func-
tions such as cell division (21), circadian clock (22), photopercep-
tion (22, 23), or photosynthesis (18). Furthermore, an automated
process has been developed to continuously monitor lumines-
cence of reporter lines grown in 96-well microplates.

In this study, we determine the feasibility of using these O. tauri
luminescent recombinant lines in toxicity testing using two anti-
fouling biocides, diuron and Irgarol 1051, as toxic models. These
are two of the most popular biocide boosters used to replace or-
ganotins in antifouling paints for preventing ship hulls from bio-
fouling (24). Diuron and Irgarol 1051 are two photosynthesis in-
hibitors which prevent oxygen production by blocking electron
transfer to the plastoquinone B (QB) of the photosystem II (25,
26). They are therefore highly phytotoxic, and this toxicity and
that of their degradation products for nontarget species has been
described for various aquatic organisms (3, 27–29). Initially we
monitored the effect of the selected antifoulants on the kinetics of
luminescence of several O. tauri reporter lines to identify the best
suited for ecotoxicological studies. Biosensor responses were
compared with growth inhibition of wild-type (WT) O. tauri. Fi-
nally, we compared the sensitivity of the O. tauri luminescent
biosensor with that of a natural marine phytoplankton commu-
nity when exposed to diuron and Irgarol 1051.

MATERIALS AND METHODS
Preparation of pesticides. Four analytical-grade standards of pesticides
were selected for the study. We used the diuron Pestanal ([3-(3,4-dichlo-
rophenyl)-1,1 dimethyl-urea]) (99% purity; Fluka), Irgarol 1051 (2-
methythiol-4-tert-butylamino-6-cyclopropylamino-s-triazine; Fluka),
DCPMU [3-(3,4-dichlorophenyl)-1-methylurea; Sigma], and DCPU [3-
(3,4-dichlorophenyl)-urea; Sigma]. Diuron and Irgarol 1051 are two her-
bicides, belonging to the urea and triazine families, respectively, and are
known to induce photosynthesis inhibition by blocking the photosystem
II electron-transporting chain. DCPMU and DCPU are two degradation
products of diuron. The different pesticides were diluted in acetone in
order to obtain the same final concentration of 0.1% (vol/vol) acetone
carrier in the different treatments.

Ostreococcus tauri alga and culture conditions. Wild-type O. tauri
strain OTTH0595 and genetically modified lines with a luciferase gene
reporter system (these strains have been described previously [18]) were
used for the growth and luminescence assays, respectively. Wild-type and
genetically modified lines were both grown in Keller medium in aerated
flasks (Sarstedt) for several days and then transferred into white 96-well
microplates (Nunc; Perkin-Elmer) for growth over 3 days under constant
illumination (at 16 �mol · quanta/cm2 · s�1). The cells were then re-
freshed into new 96-well microplates at final densities of 5 � 106 cells/ml
for the wild-type and 10 � 106 cells/ml for the genetically modified lines.
Luciferin (10 �M final concentration) was added to the microplates con-
taining the genetically modified lines. For both luminescence and cytom-
etry approaches, the pesticides were tested at different concentrations: 0.5,
1, 2, 5, and 10 �g/liter for diuron; 0.05, 0.1, 0.2, 0.5, and 1 �g/liter for
Irgarol 1015; 6.25, 12.5, 25, 50, 100, 200, and 400 �g/liter for DCPMU and
DCPU. Each concentration was tested in triplicate using independent
wells. Control samples containing 0.1% (vol/vol) acetone were carried out
in triplicate for both assays. Luminescence linked to the expression of
TOC1 (time of chlorophyll a binding protein [CAB] expression), pCAB
(promoter of chlorophyll a binding protein gene), cyclin A, and cyclin-
dependent kinase (CDKA) reporter lines was measured using a Mithras
LG 940 (Berthold Technologies) luminometer every 2 h. For the cell
growth approach, a subsampling of 30 �l was taken from each well of the
plate after 48 h and 72 h and then diluted in 120 �l of Keller medium with
glutaraldehyde (0.25%, vol/vol, final concentration). Samples were stored

at �80°C before the cells were counted by flow cytometry (Cell Lab
Quanta MLP; Beckman Coulter).

Determination of EC50s. The acute toxicity of the biocides after 48 h
or 72 h exposure was expressed as the concentration of pesticide inducing
a reduction of 50% in growth or luminescence relative to the control (50%
effective concentration [EC50]). Luminescence curves or cell concentra-
tion curves of the treated samples were normalized with those of the
control samples. The percentages were then transformed in Probit units
(30) and plotted against the logarithm of the pesticide concentrations to
obtain a linear regression. The equation of the regression was used to
determine the EC50 (i.e., pesticide concentration corresponding to a Pro-
bit unit equal to 5).

Ecotoxicological test using a natural marine phytoplankton com-
munity. Seawater was sampled with a Niskin bottle at 3-m depth in April
2010 from a coastal station (42°29=N, 03°08=E; maximum depth, �26 m)
in the northwestern Mediterranean Sea (�500 m offshore Banyuls-sur-
Mer, France). The water sample was filtered through 100-�m-pore-size
nylon mesh and enriched with NO3 and PO4 (3.2 �M and 0.2 �M final
concentrations, respectively) to avoid nutrient limitation during incuba-
tion. Twenty-four 500-ml transparent bottles were filled, and the assays
were done in triplicate. Diuron or Irgarol 1051 was added at three differ-
ent concentrations: 0.25, 2.5, and 25 �g/liter for diuron and 0.1, 1, and 10
�g/liter for Irgarol 1051. Two different control samples were used, one
with and the other without the addition of acetone at a final concentration
of 0.1% (vol/vol) corresponding to the value present in each of the pesti-
cide samples tested. Bottles were incubated for 5 days outdoors in a water
bath in which the temperature was controlled by continuously circulating
surface seawater from the harbor (temperature, �15°C).

After 2 days, samples (3 ml) from each bottle were fixed with formal-
dehyde (2%, vol/vol, final concentration) and then stored at �80°C. They
were analyzed with a flow cytometer (FACScan; Becton, Dickinson) to
determine the abundance of Synechococcus spp. and photosynthetic pico-
and nanoeukaryotes. Synechococcus cells were identified on the basis of
cytograms of scatter versus phycoerythrin fluorescence (31). For the two
groups of photosynthetic eukaryotes, cytograms of scatter versus chloro-
phyll fluorescence were used. After 5 days, duplicate 200-ml chlorophyll a
samples were collected on GF/F filters (Millipore), extracted in 90% ace-
tone, and quantified fluorometrically using a Turner-Designs 10-AU
fluorometer (32).

RESULTS
Responses of different luminescent Ostreococcus tauri biosen-
sors and comparison with the growth inhibition approach. Lu-
minescence curves were obtained after exposure to different con-
centrations of diuron and Irgarol 1051 for each of the different
reporter lines tested (i.e., TOC1-Luc, pCAB::luc, cyclinA-Luc, and
CDKA-Luc). The genetically transformed lines were characterized
by different luminescence levels at the start of the experiment: the
cyclin A-Luc line had the weakest luminescence (2,000 relative
luminescence units [RLU]), a value only 10-fold higher than back-
ground, with TOC1-Luc at 10,000 RLU, CDKA-Luc at 60,000
RLU, and pCAB::luc at 220,000 RLU (data not shown). The lumi-
nescence values measured with the different concentrations of
diuron and Irgarol 1051 over 72 h were normalized to the lumi-
nescence measured in the controls (Fig. 1). A clear decrease in
luminescence was observed in the case of cyclin A-Luc and
CDKA-Luc at 5 and 10 �g/liter of diuron, whereas TOC1-Luc and
pCAB::luc lines responded only at the highest concentration. The
toxicity of diuron increased over time for the different lumines-
cent lines but at different rates. The sharpest decrease in lumines-
cence was observed for CDKA-Luc (40% after 24 h). For Irgarol
1051, luminescence of all transformed lines was significantly in-
hibited at 1 �g/liter, demonstrating the higher toxicity of this an-
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FIG 1 Comparison of the different O. tauri luminescent lines, as indicated, after exposure to diuron and Irgarol 1051. Graphs represent normalized data
compared to the control lines (without antifoulant). Values correspond to the means of triplicate wells on the microplate.
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tifouling biocide (Fig. 1). If we consider that a decrease of 20% in
luminescence is sufficient to define a toxic effect, then toxicity was
observed for Irgarol 1051 at 0.5 �g/liter using cyclin A-Luc and
CDKA-Luc lines. With respect to diuron, the luminescence de-
crease showed different kinetics depending on the reporter line
being used. After 24 h, the strongest inhibition was seen in the
cyclin A-Luc line (50%), with inhibition of 35% for CDKA-Luc
and 15% for TOC1-Luc and nonsignificant inhibition with and
pCAB::luc. EC50s were calculated for each luminescent line and for
both antifoulants after 24, 48, and 72 h. The EC50s found at 24 h
exhibited marked variance between the replicated assays for each
reporter and therefore were not considered. The EC50s calculated
at 48 and 72 h, however, were more reproducible for each of the
tested lines (Table 1). The CDKA-Luc line appeared to be the most
sensitive O. tauri line for detecting the toxicity of both antifou-
lants, with the EC50 decreasing by 40% between 48 h and 72 h (P �
0.05, Student’s t test) (Table 1). Given its high level of lumines-
cence and its high sensitivity to the two antifoulants tested, the
CDKA-Luc line was therefore used for subsequent experiments
and comparisons.

The luminescence response of CDKA-Luc was compared to
the measurement of growth inhibition of O. tauri WT cells (Table
1). For both antifoulants the EC50 was significantly lower (P �
0.05, Student’s t test) for the luminescence assay than for the
growth experiment after 48 and 72 h (Table 1). After 48 h, the ratio
between the EC50 estimated by growth inhibition and the EC50

estimated by CDKA-Luc luminescence was 4.7 for diuron and 4.8
for Irgarol 1051 (Table 1). After 72 h, this ratio was still in favor of
the luminescent biosensor (2.9 for diuron and 5.2 for Irgarol
1051) (Table 1), underlining the greater sensitivity of the lumines-
cent biosensor approach for assessing the toxicity of these antifou-
lants. To complete this comparison, we also tested the toxicity of
two degradation products of diuron: DCPU and DCPMU. We did
not measure any significant toxicity of DCPU with either ap-

proach (up to 400 �g/liter). After 48 h, toxicity of DCPMU was
detected by the CDKA-Luc biosensor and growth inhibition (EC50

of 14.45 � 1.22 g/liter and 50.81 � 1.91 g/liter, respectively) but
was lower than that of its parent molecule (EC50 of 5.65 � 0.44
g/liter and 26.37 � 3.69 g/liter, respectively) (Table 1).

Relevance of the response measured with CDKA-Luc com-
pared to a natural phytoplankton community. The next experi-
ment was designed to determine the effect of diuron and Irgarol
1051 on natural communities at concentrations in the range of
those tested by the luminescence assay. We did not measure any
significant effect on the concentration of phytoplankton cells after
2 days or on the chlorophyll a content after 5 days in the control
samples with and without acetone, suggesting that acetone at a
concentration of 0.1% is harmless for phytoplankton. After 2 days
of incubation, flow cytometry analysis revealed significant differ-
ences in Synechococcus abundance between the controls at the
highest concentrations of diuron and Irgarol 1051 (22% and 25%
inhibition at 25 �g/liter and 10 �g/liter, respectively) (Fig. 2). At
the same concentrations, photosynthetic nanoeukaryotes ap-
peared more sensitive than Synechococcus cells to these two anti-
foulants, with inhibition of 43% and 47% for diuron and Irgarol
1051, respectively. Photosynthetic picoeukaryotes were the most
sensitive of the three phytoplanktonic groups analyzed by flow
cytometry, showing a significant inhibition at both 2.5 and 25
�g/liter of diuron and 1.0 and 10 �g/liter of Irgarol 1051. For the
highest concentrations tested for each antifoulant, the inhibition
was 58% and 71% for diuron and Irgarol 1051, respectively. After
5 days of incubation, the chlorophyll a concentrations were sig-
nificantly reduced in the presence of diuron at 25 �g/liter (by a
factor 4) and Irgarol 1051 at 1.0 and 10 �g/liter (by factors of 2 and
10, respectively) (Fig. 2).

DISCUSSION

There is an ongoing need to develop sensitive, rapid, automatic,
and inexpensive toxicity tests to monitor the effect of the increas-
ing number of chemicals released into the aquatic environment.
Such ecotoxicological tests need to consider the complex mixture
of pollutants and other stressors (e.g., temperature and UV light)
(33). Ostreococcus sp. is a prasinophyte widely distributed in the
marine environment from coastal lagoon to open waters (34). In
this study, we propose the use of the marine green alga O. tauri, the
smallest free-living eukaryotic cell known to date, as a new envi-
ronmental luminescent biosensor for toxicity testing.

CDKA-Luc as the most effective O. tauri luminescent bio-
sensor. The differences observed in the luminescence raw data
(RLU) for each reporter line can be explained by the different
levels of gene expression. CDKA-Luc, cyclin A-Luc, and TOC1-
Luc are translational reporter proteins fused in frame with lucif-
erase. In these reporter lines the luminescence is a result of both
luciferase decay upon oxidation of luciferin and turnover/degra-
dation of the fused protein. In contrast, the pCAB::luc transcrip-
tional reporter, which produces only luciferase, displays higher
levels of luminescence. Considering the normalized results com-
pared to controls, all luminescent biosensors were affected by the
action of the antifoulants. Of the different O. tauri luminescent
lines, CDKA-Luc was the most sensitive to diuron and Irgarol
1051. A possible explanation is that cell division cycle regulators
like CDKA are very quickly downregulated when cells are exposed
to toxic compounds. Surprisingly, cyclin A, which is also a cell
cycle regulator, was less sensitive than CDKA to these antifoulants.

TABLE 1 Comparison of the EC50s of different O. tauri luminescent
lines and differences of sensibility of the two methods tested

Pesticide Cell line (assay)a

EC50 (�g/liter) at the indicated
timeb

48 h 72 h

Diuron TOC1-Luc (LI) 20.29 � 1.78 11.19 � 4.03
pCAB::luc line (LI) 57.36 � 34.21 13.91 � 2.53
Cyclin A-Luc (LI) 9.19 � 1.21 6.64 � 0.95
CDKA-Luc (LI) 5.65 � 0.44 3.51 � 0.09
Wild type (GI) 26.37 � 3.69 10.22 � 4.48

Irgarol 1051 TOC1-Luc (LI) 1.05 � 0.28 1.04 � 0.56
pCAB::luc line (LI) 1.96 � 0.48 1.27 � 0.50
Cyclin A-Luc (LI) 0.89 � 0.03 0.92 � 0.27
CDKA-Luc (LI) 0.76 � 0.10 0.42 � 0.04
Wild type (GI) 3.63 � 0.97 2.20 � 0.58

DCPMU CDKA-Luc (LI) 14.45 � 1.22 14.26 � 0.63
Wild type (GI) 50.81 � 1.91 ND

DCPU CDKA-Luc (LI) �400 � 400
Wild type (GI) �400 ND

a GI, growth inhibition test; LI, luminescence inhibition test.
b Data represent the means � standard deviations of three replicates. ND, not
determined.
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This result needs to be carefully interpreted, however, since the
average expression level of cyclin A-Luc was lower than that of
CDKA-Luc, making it difficult to detect small changes in lumines-
cence. A major advantage of the O. tauri luminescent assay over
the conventional cytometry test and other phytoplankton growth
inhibition tests is the ability to fully automate the process, allow-
ing high throughput of samples at low cost. Because growth inhi-
bition tests are cumbersome, only a few measurements can be
reasonably recorded, e.g., at 48 h or 72 h, whereas with the lumi-
nescence method, a high throughput can be automatically
achieved using a laboratory work station.

Comparison with other phytoplankton growth inhibition
and whole-biosensor approaches. Comparison of our results of
the CDKA-Luc biosensor to literature reports of growth inhibi-
tion assays using phytoplankton strains shows that the lumines-
cence assay is within a reasonable range of EC50s recorded for both

diuron and Irgarol 1051 (Tables 2 and 3). According to our evi-
dence, the O. tauri luminescence assay is the most sensitive test of
all the whole-cell luminescence biosensors (Tables 2 and 3). The
CDKA-Luc reporter particularly showed a much higher sensitivity
to both antifoulants than the frequently used Vibrio fischeri Mi-
crotox luminescence test, with a difference of three to four orders
of magnitude (i.e., from �g/liter to mg/ml concentrations) (Ta-
bles 2 and 3).

Our study revealed that O. tauri was less sensitive to DCPMU
(and not sensitive at all to DCPU) than the diuron parent mole-
cule. This has also been observed for the microalgae Dunaliella
tertiolecta (38), Chaetoceros gracilis (37), and Selenastrum capricor-
notum (3). In contrast, higher toxicity has been observed for
DCPMU and DCPU than for diuron in the two marine ciliates
Tetrahymena pyriformis and Spirostomum teres and using the Mi-
crotox test (3, 26, 38). The toxicity of degradation products of

FIG 2 Effect of diuron and Irgarol 1051 on Synechococcus, picoeukaryote, and nanoeukayote concentrations after 2 days of incubation, and on chlorophyll a (Chl
a) concentration after 5 days of incubation. Data represent the means � standard deviations of three replicates. Asterisks indicate treatments that were
significantly different from the control based on Student’s t test (P � 0.05).
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Irgarol 1051 has been studied less than that of the diuron degra-
dation products. Biological and chemical degradation of Irgarol
1051 can lead to the formation of the stable degradation product
2-methylthio-4-tert-butylamino-6-amino-s-triazine (M1) (29).
This compound has been shown to be less toxic than its parent
compound to S. capricornotum but more toxic for higher plants (3,

29). It will be interesting to test the toxicity of this degradation
product using the O. tauri CDKA-Luc biosensor in future study.

Comparison with the response of a natural phytoplankton
community. In our study, the EC50s of diuron and Irgarol 1051
using the CDKA-Luc reporter (5.65 � 0.44 and 0.76 � 0.10 �g/
liter, respectively) were similar to those measured for natural phy-

TABLE 2 Comparison of different approaches to measure diuron toxicity using phytoplankton growth inhibition tests and different whole-cell
biosensors

Test or indicator Organism (phylum/division, test, or indicator) EC50 (�g/liter) Time (h) Reference

Phytoplankton growth
inhibitiona

Synechococcus sp (Cyanobacteria) 0.55 72 35

Emiliania huxleyi (Haptophyta) 2.3 72 35
Chlorella vulgaris (Chlorophyta) 4.3 96 36
Chaetoceros gracilis (Bacillariophyta) 4.9 96 37
Dunaliella tertiolecta (Chlorophyta) 5.9 96 38
Ostreococcus tauri (Chlorophyta) 26 48 This study
Navicula forcipata (Bacillariophyta) 27 96 38
Chaetoceros gracilis (Bacillariophyta) 36 96 38
Raphidocelis subcapitata (Chlorophyta) 45 72 35

Whole-cell biosensor Ostreococcus tauri, luminescent biosensor
(CDKA-Luc)

5.7 48 This study

3.5 72 This study
Vibrio fischeri (Microtox) 58,000 0.5 26
Pyrocystis lunula (QwickLite) 19,000 24 11
Synechocystis (luc) 29,700 24 13
Escherichia coli (lux) �20,000 2 39
Saccharomyces cerevisiae (ATP synthesis) 11,600 0.5 40

a All organisms used for the phytoplankton growth inhibition test were from marine water except Chlorella vulgaris and Raphidocelis subcapitata, which were from freshwater.

TABLE 3 Comparison of different approaches to measure Irgarol 1051 toxicity using phytoplankton growth inhibition tests and different whole-cell
biosensors

Test and/or sample type or
indicator Organism name (phylum or division) EC50 (�g/liter) Time (h) Reference

Phytoplankton growth inhibition
Marine water Tetraselmis sp. (Chlorophyta) 0.12 72 7

Synechococcus sp. (Cyanobacteria) 0.16 72 35
Emiliania huxleyi (Haptophyta) 0.25 72 35
Thalassiosira weisflogii (Bacillariophyta) 0.30 72 7
Emiliania huxleyi (Haptophyta) 0.41 72 7
Chaetoceros gracilis (Bacillariophyta) 0.49 96 37
Fibrocapsa japonica (Raphidophyta) 0.62 72 7
Dunaliella tertiolecta (Chlorophyta) 1.17 96 38
Ostreococcus tauri (Chlorophyta) 3.63 48 This study

Freshwater Navicula accomoda (Bacillariophyta) 0.5 96 38
Chlamydomonas intermedia (Chlorophyta) 0.5 144 41
Nitszchia sp. (Bacillariophyta) 0.8 96 41
Chlorella vulgaris (Chlorophyta) 1.5 96 41
Staurastrum sebaldii (Zygnematophyceae) 2.5 144 41
Pseudokirchneriella subcapitata (Chlorophyta) 3.3 96 41
Scenedesmus acutus (Chlorophyta) 5.1 96 41
Selenastrum capricornutum (Chlorophyta) 10.8 72 3
Raphidocelis subcapitata (Chlorophyta) 11 72 35
Asterionella formasa (Bacillariophyta) �253 96 41

Whole-cell biosensor
CDKA-Luc Ostreococcus tauria 0.76 48 This study

0.42 72 This study
Microtox Vibrio fischeri 50,800 0.25 3

a Luminescent biosensor.
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toplankton communities (�2.5 and 1 �g/liter, respectively).
Moreover, our results show that among the phytoplankton com-
munity studied, photosynthetic picoeukaryotes were the most
sensitive population to both antifoulants, reinforcing the suitabil-
ity of the O. tauri CDKA-Luc reporter as an ecotoxicological bio-
sensor.

Overall, our measurements of the effects of diuron and Irgarol
1051 (demonstrated both by growth inhibition of natural marine
phytoplankton and by the O. tauri monoculture approach)
yielded consistent results, with Irgarol 1051 showing higher tox-
icity than diuron. This is consistent with other studies which have
shown the toxic effect of diuron and Irgarol 1051 at low concen-
trations on a natural phytoplankton community in freshwater
ecosystems (42, 43). The effective concentrations of diuron and
Irgarol 1051 measured on both O. tauri and the natural phyto-
plankton community are close to the concentrations measured in
some marinas and coastal areas. For instance, in Japanese coastal
areas, diuron and Irgarol 1051 concentrations have been mea-
sured up to 3.05 �g/liter and 0.262 �g/liter, respectively (44).
Levels of up to 1.7 �g/liter and 0.64 �g/liter were observed in the
French Mediterranean Sea (45, 46), while in United Kingdom
waters, they have reached even higher values, up to 6.74 �g/liter
and 1.42 �g/liter, respectively (47). These results provide evidence
that current environmental concentrations of diuron and Irgarol
1051 could impair the activity and composition of the phyto-
plankton community, with possible consequences for higher
trophic levels and the global functioning of aquatic ecosystems.

Concluding remarks. We conclude that the O. tauri micro-
plate-based recombinant biosensor constitutes a reliable high-
throughput laboratory approach to performing short-term toxic-
ity tests in application to antifouling biocides and could
potentially be used for screening other toxic compounds in the
marine environment. This assay offers many advantages over phy-
toplankton growth inhibition assays and is much more sensitive
than other existing whole-cell biosensors. More than 20 luciferase
transcriptional/translational reporters are currently available in
O. tauri, and the number is likely to rapidly expand in the near
future (18, 21–23; F.-Y. Bouget, personal communication). These
reporters cover diverse biological processes, including cell divi-
sion, circadian clock, nutriments assimilation, and photosynthe-
sis, that are potentially specific targets of biocides. In the future
more sensitive and pollutant-specific biosensors could be devel-
oped by using specific target genes fused to luciferase. Such target
genes could also be defined using next-generation sequencing of
RNA to identify genes that are specifically and rapidly induced or
repressed in response to low doses of specific molecules (48–50).
Automated monitoring of these luminescent reporters should al-
low the development of new platforms for high-throughput
screening of the effect of pollutants on marine eukaryotic pico-
phytoplankton.
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