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Since the ban on tributyltin (TBT) from antifouling paints due to serious environmental concerns [1], alternative compounds have been used to keep protecting ship hulls from the unwanted attachment and growth of fouling organisms (e.g. microorganisms, algae and animals such as mussels and barnacles).

Irgarol 1051 and diuron are usually used as booster biocides in copper-based antifouling paints, in replacement of TBT [2]. Because they target directly photosystem II, these two biocides might lead to severe damages on nontarget photosynthetic organisms in case of environment contamination. This study aimed : to assess the sensitivity of two different phyla towards these biocides, and to investigate the toxicity of irgarol towards a diuron-resistant mutant strain.
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Introduction & Objectives Introduction & Objectives

The effects of these two compounds have been studied in two marine phytoplankton species: the chlorophyte Tetraselmis suecica (two strains: "wild" strain (WT) and diuron-resistant mutant (MT) [3]) and the diatom Chaetoceros calcitrans (a single "wild" strain: WC).

Six-day exposure experiments were run: each strain was exposed to each biocide alone (irgarol: 0.05, 0.1 and 0.5 µg.L -1 ; diuron: 0.5, 1 and 5 µg.L -1 ) and to mixtures of irgarol and diuron (µg.L -1 : MixA: diuron 5 + irgarol 0.5; MixB: diuron 5 + irgarol 0.1; MixC: diuron 1 + irgarol 0.5; MixD: diuron 1 + irgarol 0.1).

Cultures were carried out in triplicate (exposed conditions) or in quadruplicate (control condition). The effects of herbicides were assessed on the 6 th day on: the doubling time (T D , hours); the effective quantum yield (Y eff ) (PAM-fuorometry); the intracellular relative ROS content (H 2 DCFDA) and the intracellular relative lipid content (BODIPY), both by flow cytometry. At the same time, a sequencing of the psbA gene was performed in both T.suecica strains with the aim to identify the possible mutation responsible for diuron resistance in MT strain.
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Materials & Methods Materials & Methods

This study demonstrates the high toxicity of these two biocides, in particular irgarol 1051, for marine phytoplankton. It shows that species sensitivity depends on the molecule tested (even with a similar mode of action) but also on the strain, that raises the question of intra-specific genetic diversity and adaptation mechanisms in micro-algae exposed to chemical contamination.

In addition, the results of the experiment with the mixtures of diuron and irgarol provided information for a better understanding of combined effects that occur in the environment (synergism). Finally, this study highlights the need to monitor the fate of these two compounds in the environment, especially for Irgarol since it is still authorized in many European countries.
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Conclusions Conclusions

PsbA gene mutation: resistance to diuron and comparison with the wild strain

The results of the sequencing showed a mutation from G to A in the quinone binding domain at the position 661 of the cds sequence (data not shown). This mutation corresponded to a change in the codons from GTA to ATA, leading to a switch in the amino acid sequence from Val to Ile at the position 221 of the protein.

When exposed to diuron, the wild strain was significantly affected by the herbicide, with strong effects on each parameter at diuron 5 µg.L -1 (Fig1): increase of T D (+125%) and ROS related fluorescence (+43%), decrease of Y eff (-25%) and lipid related fluorescence (-38%).

Irgarol induced the same kind of significant effects, especially at 0.5 µg.L -1 (Fig1): increase of T D (+19%) and ROS related fluorescence (+45%), decrease of Y eff (-2%) and lipid related fluorescence (-21%).

Among the four mixtures, Mix A, B and C showed significant effects, with the strongest effects induced by MixA (Fig1): increase of T D (+356%) and ROS related fluorescence (+95%), decrease of Y eff (-29%) and lipid related fluorescence (-37%). The toxicity of the four mixtures was gradual considering the whole parameters: MixA > MixB > MixC > MixD.
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Results & Discussion Results & Discussion

Herbicide toxicity towards the two wild strains

Among the three concentrations of diuron and irgarol tested, only the highest (5 and 0.5 µg.L -1 , respectively) exhibited significant effects on the diatom (Fig3). Diuron 5 µg.L -1 exposure induced a 21% increase in the doubling time when the increase was 52% after irgarol 0.5 µg.L -1 exposure. Y eff was reduced by 8% and 18% when exposed to diuron 5 µg.L -1 and irgarol 0,5 µg.L -1 respectively. Mix A, B and C showed significant effects on all parameters, with the strongest effects induced by the MixA: increase in doubling time (+87%) and decrease in Y eff (-26%), FL1 ROS (-61%) and FL1 Lipids (-62%). Toxicity of other mixtures were lower and gradual, the most toxics being the ones with the higher irgarol concentration: MixA > MixC > MixB > MixD.

Unlike Tetraselmis sp., the diatom was more sensitive to irgarol on all parameters, especially for T D and Y eff . Effects on FL1 Lipids were two-fold higher for the diatom. Effects on FL1 ROS on WC were quite unexpected. When an increase in FL1 ROS was expected as compared to the results obtained with Tetraselmis sp., the values decreased. Herbicides might stimulate the ROS scavenging system in this diatom, which would explain the results.

Herbicide toxicity towards the two wild strains

Among the three concentrations of diuron and irgarol tested, only the highest (5 and 0.5 µg.L -1 , respectively) exhibited significant effects on the diatom (Fig3). Diuron 5 µg.L -1 exposure induced a 21% increase in the doubling time when the increase was 52% after irgarol 0.5 µg.L -1 exposure. Y eff was reduced by 8% and 18% when exposed to diuron 5 µg.L -1 and irgarol 0,5 µg.L -1 respectively. Mix A, B and C showed significant effects on all parameters, with the strongest effects induced by the MixA: increase in doubling time (+87%) and decrease in Y eff (-26%), FL1 ROS (-61%) and FL1 Lipids (-62%). Toxicity of other mixtures were lower and gradual, the most toxics being the ones with the higher irgarol concentration: MixA > MixC > MixB > MixD.

Unlike Tetraselmis sp., the diatom was more sensitive to irgarol on all parameters, especially for T D and Y eff . Effects on FL1 Lipids were two-fold higher for the diatom. Effects on FL1 ROS on WC were quite unexpected. When an increase in FL1 ROS was expected as compared to the results obtained with Tetraselmis sp., the values decreased. Herbicides might stimulate the ROS scavenging system in this diatom, which would explain the results. MT strain showed no significant effect after exposure to diuron even at the highest concentration (except a slight decrease of Y eff , -3%) (Fig2) [3]. On the contrary, irgarol significantly impacted the whole parameters tested, with quite similar effects than WT for T D and the fluorescence related to lipids levels. However, increase of ROS related fluorescence was lower (+19%) than for WT, and decrease of Y eff was higher (+8%).

When exposed to the mixtures A and C, MT exhibited significant effects on the whole parameters, probably due to the presence of irgarol at the highest concentration. Mixtures B and D induced no significant effects except for Yeff with a slight decrease (-4% and -2% respectively).
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 1 Figure 1 -Variation (%, as compared with Control) of doubling time (T D ), photosynthetic efficiency (Y eff ), relative ROS content (FL1 ROS ) and relative lipid content (FL1 Lipids ) of Tetraselmis suecica wild strain after exposure to diuron and irgarol, alone and in mixtures. Only significant effects are shown (ANOVA, p<0.05).
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 2 Figure 2 -Variation (%, as compared with Control) of doubling time (T D ), photosynthetic efficiency (Y eff ), relative ROS content (FL1 ROS ) and relative lipid content (FL1 Lipids ) of Tetraselmis suecica mutant strain after exposure to diuron and irgarol, alone and in mixtures. Only significant effects are shown (ANOVA, p<0.05).
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 3 Figure 3 -Variation (%, as compared with Control) of doubling time (T D ), photosynthetic efficiency (Y eff ), relative ROS content (FL1 ROS ) and relative lipid content (FL1 Lipids ) of Chaetoceros calcitrans wild strain after exposure to diuron and irgarol, alone and in mixtures. Only significant effects are shown (ANOVA, p<0.05).
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