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1. Introduction

ABSTRACT

We investigated the effects of genotoxicant exposure in gametes and embryos to find a possible link
between genotoxicity and reproduction/developmental impairment, and explore the impact of chemical
genotoxicity on population dynamics. Our study focused on the genotoxic effects of two herbicides on
oyster gametes and embryos: glyphosate (both as an active substance and in the Roundup formulation)
and diuron. France is Europe’s leading consumer of agrochemical substances and as such, contamination
of France’s coastal waters by pesticides is a major concern. Glyphosate and diuron are among the most
frequently detected herbicides in oyster production areas; as oyster is a specie with external reproduction,
its gametes and embryos are in direct contact with the surrounding waters and are hence particularly
exposed to these potentially dangerous substances.

In the course of this study, differences in genotoxic and embryotoxic responses were observed in
the various experiments, possibly due to differences in pollutant sensitivity between the tested gen-
itor lots. Glyphosate and Roundup had no effect on oyster development at the concentrations tested,
whereas diuron significantly affected embryo-larval development from the lowest tested concentration
of 0.05pgL™', i.e. an environmentally realistic concentration. Diuron may therefore have a significant
impact on oyster recruitment rates in the natural environment.

Our spermiotoxicity study revealed none of the tested herbicides to be cytotoxic for oyster spermato-
zoa. However, the alkaline comet assay showed diuron to have a significant genotoxic effect on oyster
spermatozoa at concentrations of 0.05 wgL~! upwards. Conversely, no effects due to diuron exposure
were observed on sperm mitochondrial function or acrosomal membrane integrity. Although our initial
results showed no negative effect on sperm function, the possible impact on fertilization rate and the con-
sequences of the transmission of damaged DNA for oyster development and physiological performances,
requires further investigation. A likely hypothesis to explain the embryotoxic and genotoxic effects of
diuron is that it may act via causing oxidative stress.

© 2011 Elsevier B.V. All rights reserved.

basin, which is one of France’s largest natural spat harnessing
zones (Munaron, 2004; Samain et al., 2007). Contamination of

France is Europe’s leading consumer of agrochemical substances
(UIPP, 2006). Due to the intensive use and transfer of these sub-
stances to exoreic catchment areas, several pesticides have been
detected in recent years in coastal waters, including shellfish pro-
duction areas (Burgeot et al., 2008). Pesticides can enter aquatic
systems via periodic inputs not only from accidental or controlled
sources (urban and industrial discharges), but also from diffuse
sources originating from domestic and agricultural activities. The
contamination of France’s continental and marine waters by pes-
ticides is mainly due to agriculture, and most of the molecules
involved are herbicides.

Little data exist on the contamination of coastal waters by her-
bicides. Some data have been collected in the Marennes-Oléron
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this basin has been shown to be highly dependent on herbicide
fluxes from the Charentes river, due to farming activity and heavy
rainfall. Among the active substances found in this basin, diuron,
isoproturon and glyphosate were the most frequently detected, and
at the highest concentrations. These molecules were respectively
detected at 0.04, 0.40 pg L' and 1.20 gL~ in this basin.

The presence of herbicides in marine waters is an environmental
issue, as many have been shown to be toxic for marine organisms.
Once in water bodies, herbicides and/or their by-products may
be bioavailable for the organisms. Depending on their lipophilic
property, their absorption may lead to the bioaccumulation in
fatty tissue of molecules with an octanol/water partition coefficient
(Kow) higher than three (GESAMP, 2002). In some cases, bioaccu-
mulation may be limited by the organism'’s ability to biotransform
the molecules into more readily excretable residues. However, bio-
transformation can also lead to the production of residues that
are even more toxic than the parent active substances (Binelli
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et al,, 2008). Diverse toxic effects have been reported for pesti-
cides such as herbicides, and the genotoxic (Bouilly et al., 2007;
Wessel et al., 2007), embryotoxic (Wessel et al., 2007; Manzo et al.,
2006), immunotoxic (Gagnaire et al., 2006, 2007) and reprotoxic
(Salaberria et al., 2009; Rodriguez et al., 2007) effects of them on
fish and bivalves have already been unveiled. There is therefore a
need for a more efficient assessment of the environmental risks
associated with pesticides, which represent 11 out of the 33 dan-
gerous substances identified by the European Water Framework
Directive (2000/60/CE).

The aquaculture industry has expressed particular concern
about a possible link between oyster mortality outbreaks and pol-
lution. Oyster mortality has been repeatedly observed in France
for several years now, with major socioeconomic consequences.
France is respectively Europe’s first and the world’s fourth lead-
ing producer of oysters, with an annual production of 130,000
metric tons. The suspected role of pollution in oyster mortality
was pinpointed by the Samain et al. study (2007), which used a
multifactorial interaction model taking into account commensal
and pathogenic microorganisms, oyster physiological and genetic
status, and the environment (biotic factors). The study revealed
that oyster mortality could not be put down to contamination
by pathogenic agents (herpes virus or vibrio bacteria) alone. Oys-
ters were shown to be particularly vulnerable to physiological and
environmental stressors during gametogenesis, when energy is
dedicated to reproduction rather than immune defence. Significant
pesticide inputs were observed in the Marennes-Oléron basin, and
the highest concentrations were detected in June, corresponding to
both oyster gametogenesis and to the mortality outbreaks. It can
thus be considered that oyster exposure to pollutants such as pes-
ticides could have direct toxic effects on individuals (spat, juveniles
and genitors), with a potential indirect effect on offspring related to
genitor contamination during gametogenesis. In addition, as oys-
ter is a specie with external reproduction, its gametes and embryos
are in direct contact with sea water and are therefore particularly
vulnerable to toxic substances.

Another point is the increasing number of studies that are
demonstrating interactions between chemical pollution and infec-
tious diseases (Morley, 2009). Exposure to chemical pollutants can
result either in a decline in individual resistance to pathogens,
or to a direct impact on the immune system (immunosuppres-
sion, immunostimulation or autoimmune diseases). Conversely,
the presence of pathogens can alter the physiology of the organism
and hence its ability to modulate the toxicity of chemical pollutants.
Interactions between the immune system and the biotransforma-
tion of chemical pollutants have already been demonstrated in fish
(Reynaud et al., 2008).

In this paper, we focused our research on the effects of three her-
bicides - diuron, glyphosate and Roundup - on oyster sperm and
embryos. Diuron is a broad-spectrum substituted urea herbicide,
identified as a dangerous substance by the WFD. It is fairly persis-
tent in aquatic systems as it shows no degradation in sea water
at 15°C over 42 days (Thomas et al., 2002). Despite its restricted
use, diuron remains one of the most frequently detected and most
highly concentrated herbicides found in coastal waters (Munaron,
2004). Glyphosate is currently the world’s most highly used herbi-
cide (Woodburn, 2000). As this active substance is not employed on
its own, it appeared valuable to study its toxicological properties
in parallel with its well-known commercial formulation: Roundup.
The embryotoxic effects of these herbicides were studied through
various embryo-larval bioassays. Cytotoxicity and genotoxicity in
spermatozoa were respectively assessed using classical and flow
cytometry analyses, and the alkaline comet assay. The potential
impact of diuron exposure on sperm function (sperm mito-
chondrial function and acrosomal membrane integrity) was also
investigated.

2. Materials and methods
2.1. Chemicals and materials

The reference sea water used for the experiments was pumped
from Argenton (Brittany, France) and filtered at 0.22 pm before use.
Dimethyl sulfoxide (DMSO), acetonitrile, formaldehyde 36.5%, nor-
mal and low melting point agarose, collagenase, Triton X-100 and
diuron (100ng wL~! in acetonitrile) were purchased from Sigma
Aldrich Chemicals. The certified solution of glyphosate (10 ng wL~1)
was purchased from VWR. Roundup Express® was bought at a
garden centre. PrestoBlue Cell Viability Reagent, MitoTracker Red
CMXRos, Alexa488-conjugated Arachis hypogaea lectin (Alexa488-
PNA) and the Live/Dead sperm viability assay were from Invitrogen.
ATP Lite was purchased from Perkin Elmer.

2.2. Animals

The test oysters came from a hatchery specialized in the produc-
tion of organisms for bioassay monitoring (Guernsey Sea Farm, UK).
Mature oysters were stored at 4°C and used for our experiments
within three days.

2.3. Gamete recovery

Spawning from both sexes was induced in the laboratory by
scarification of the gonads using a surgical scalpel. This method
enabled fast gamete recovery in the reference sea water. Following
rehydration for 30 min in sea water, the oocytes and the spermato-
zoa were sieved at 100 and 32 pm respectively, and observed under
an inverted microscope.

2.4. Embryotoxicity study

The embryotoxic effects of pesticide exposure were studied
using the embryo-larval bioassay, in accordance with the stan-
dardized AFNOR procedure (AFNOR XP-T-90-382) published in
September 2009. Three bioassays were performed for each herbi-
cide at one month interval, as described below.

2.4.1. Fertilization

Oocytes from one female were fertilized using a sperm-dense
suspension from a male, with a ratio of 10 spermatozoa per oocyte.
15min after fertilization, the embryos were counted and dis-
patched in each assay beaker, to reach a final concentration of
50,000 fertilized eggs per liter.

2.4.2. Chemical exposure

After fertilization, the embryos were placed in contaminated
sea water in order to study the embryotoxic effects of the
selected herbicides. Glyphosate and Roundup are water-soluble,
whereas diuron is sold in an acetonitrile-based solution. Stock solu-
tions of diuron (2mgL1), glyphosate (200 wgL~!) and Roundup
(200 pgequivalent glyphosate L~1) were prepared and stored at
—20°C in the dark in glass and plastic tubes respectively. For the
experiments, these working solutions were then diluted to reach
the final tested concentrations. For diuron, the acetonitrile concen-
tration in sea water was 0.005%. Two controls were prepared for the
purpose of our experiments: a sea water control for glyphosate and
Roundup, and a solvent control (0.005% acetonitrile) for diuron.

Various concentrations were taken into account for diuron and
glyphosate/Roundup, all within the range of the environmental
concentrations already found in coastal waters, with the excep-
tion of the two highest glyphosate concentrations (Table 1). For
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Table 1
Selected range of diuron and glyphosate concentrations tested during the study.

Chemicals Tested concentrations (g Environmental concentrations
active substance L) (g active substance L)
Diuron 0.05; 0.10; 0.25; 0.50; 1.52 0.02-0.20 (Sanchez-Rodriguez
etal,2011)
0.03-3.05 (Okamura et al.,
2003)
0.09-1.13 (Lamoree et al.,
2002)
0.03-1.25 (Thomas et al., 2002)
Glyphosate 0.5; 1.0; 1.5; 2.5; 5.0 0.1-1.2 (Burgeot et al., 2008)
Roundup 0.5;1.0; 1.5; 2.5; 5.0

2 This concentration was not tested during the embryotoxicity study.

Roundup, it is noteworthy that concentrations are expressed in g
of equivalent glyphosate per liter.

2.4.3. Embryonic development

After fertilization, the embryos were developed for 24 h in the
dark at a temperature of 24°C, in beakers containing 30 mL of
filtered sea water (three replicates for each control and herbicide-
exposed group). This incubation time enabled the embryos to
develop up to the D-shell stage. Following exposure, the larvae
from each beaker were fixed using 8% formol (0.5 mL/beaker). One
hundred larvae from each beaker were observed under an inverted
microscope (20x) to determine the numbers of D-larvae showing
mantle and/or shell abnormalities (Fig. 1).

2.5. Cytotoxic and genotoxic effects of pesticides on oyster
spermatozoa

2.5.1. Exposure of oyster spermatozoa to the selected herbicides
Three independent experiments were performed for each her-
bicide. Sperm from two males was used for each experiment.
Following scarification, the sperm was diluted in filtered reference
sea water to reach a final concentration of about 35 millions per
mL. Three replicates were made for each concentration by expos-
ing 10mL of sperm for 1h at 17°C. The herbicide concentrations
were the same as those used for the embryotoxicity study, with
the exception of diuron, which was tested at an additional concen-
tration of 1.5 wgL~! (Table 1). Sperm was also exposed to a range
of H,0, concentrations (1-h exposure, 5-50 wM); H,0; is a direct
genotoxicant, used as a positive control for the comet assay.

Vertical bars denote 0,95 confidence intervals
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Fig. 1. Results from the three independent embryo-larval bioassays concerning the
effect of diuron exposure on oyster development (*p <0.05).

2.5.2. Effects of herbicide exposure on sperm viability

Sperm viability was systematically measured in each experi-
ment to assess the potential cytotoxic effects of herbicides and to
legitimate the use of the alkaline comet assay as a reliable geno-
toxicity assessor. Viability was assessed by means of two different
tests:

2.5.2.1. Titration of intracellular ATP content. Intracellular Adeno-
sine TriPhosphate (ATP) titration is considered to be a marker of
cell viability, due to its presence in all metabolically active cells.
In our study, ATP titration was performed using a luminescence
ATP detection assay (ATPlite by PerkinElmer) based on light pro-
duced by ATP reaction in the presence of luciferase and D-luciferin.
The assay was performed on a 96-well microplate. 100 p.L of sperm
solution was added to 50 pL of cell lysis solution (total ATP) or
sea water (extracellular ATP) in the presence of 50 L of substrate.
After a 10-min incubation in the dark, the emitted light was mea-
sured using a 1420 Luminescence Counter from Perkin Elmer. Six
wells were used for each sample, with 3 wells each for total and
extracellular ATP.

2.5.2.2. Measurement of the reduction capability of sperm. Sperm
viability can also be assessed by measuring its ability to reduce
resazurin - a blue compound with no intrinsic fluorescent prop-
erties — to resorufin, which is red in colour and has fluorescent
properties. For this purpose, we applied the PrestoBlue Cell Via-
bility Reagent Protocol. 10 pL of PrestoBlue Reagent was added to
90 L of the sperm solution, which was then incubated for 10 min
at 37 °C. Three wells of a 96-well microplate were used per sample.
Fluorescence was subsequently measured with a Tecan microplate
reader, using fluorescence excitation and emission values of 535
and 615 nm respectively.

2.5.3. Effects of herbicide exposure on spermatozoa DNA integrity

DNA integrity was assessed by measuring DNA strand breakage
using the alkaline comet assay. After exposure, 100 L of sperm
solution was pipetted out from each of the three replicates, then
diluted with filtered sea water (1/2 dilution). The diluted sperm
solution was then used for the comet assay as described in Akcha
etal. (2003). DNA unwinding was performed by pre-incubating the
slides in a freshly prepared electrophoresis buffer (0.3 M NaOH,
0.001 M EDTA, pH 13) for 15min in the dark at room tempera-
ture. DNA migration was performed in the same buffer for 20 min
at 23V (390 mA, E=0.66Vcm™1). After electrophoresis, the slides
were washed by incubation for 3x 5min in Tris base 0.4 M, pH 7.5.
In order to obtain permanent preparations, the slides were dehy-
drated for 10 min in absolute ethanol, then allowed to dry at room
temperature. Immediately before analysis, 75 L of ethidium bro-
mide at 10 pgmL~! was deposited on the slide and spread over
it using a cover glass. The slides were analyzed using an optical
fluorescence microscope (Olympus BX60, 40 x ) fitted to a CDD cam-
era (Luca S, Andor Technology) and coupled to an image analysis
system (Komet 6, Kinetic Imaging Ltd.). Several parameters were
calculated for each observed nucleus (75 nuclei/slide), including
the percentage of DNA present in the comet tail (% tail DNA).

2.6. Effects of diuron exposure on sperm viability and function:
flow cytometry analysis

A separate experiment was conducted with the aim of checking
the potential effects of diuron exposure on sperm viability and func-
tion using flow cytometry. For this study, sperm from two males
was collected and exposed to diuron (1 h exposure, 0.05, 0.10 and
0.50 pgL~1) as described previously.

Flow cytometry was used to study the effects of diuron exposure
on both sperm viability and function (mitochondrial function and
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acrosomal membrane integrity), using the protocols described by
Favret and Lynn (2010) for sperm analysis of three aquatic inverte-
brates, including the oyster.

2.6.1. Sperm viability

Sperm viability was assessed by applying the Live/Dead sperm
viability assay (Molecular Probes). SYBR-14, which is a membrane-
permeate nucleic acid stain, was used to label live sperm cells with
intact membranes (green fluorescence), and propidium iodide (PI)
was used to label cells with damaged membranes (red fluores-
cence). Each sperm sample was incubated for 10 min in the dark
with 20 nM of SYBR-14. 12 M of Pl was then added and incubation
was prolonged for 10 more minutes.

2.6.2. Sperm mitochondrial function

Mitochondrial function was assessed using MitoTracker Red
CMXRos. This dye has red fluorescent properties that stain mito-
chondria in live cells. Assessment of this parameter offers a good
alternative to visual estimates of sperm motility, which can vary
widely (Marchetti et al., 2004).

2.6.3. Acrosomal membrane integrity of spermatozoa

Acrosomal reaction was measured by positive staining with
Alexa488-conjugated A. hypogaea (peanut) lectin (Alexa488-PNA).
PNA lectin is specific to terminal b-galactose moieties and can-
not penetrate an intact acrosomal membrane. It only binds to the
acrosome in acrosome-reacted or damaged spermatozoa, where it
fluoresces green. Each sperm sample was incubated with 100 nM
of MitoTracker Red CMXRos for 10 min in the dark. Alexa488-PNA
was then added at a final concentration of 5 g mL~! and incubation
was prolonged for 10 more minutes.

Cytofluorimetric analyses of the sperm samples were conducted
using a C6 Flow Cytometer (Accuri Cytometers, Inc., Ann Arbor,
MI) equipped with a solid state 488-nm laser. A total of 30,000
events were analyzed for each triplicate (3 replicates per sample)
using Cflow software (Accuri Cytometers, Inc., Ann Arbor, MI). All
measurements were done in triplicate.

Each set of data was analyzed as the percentage of sperm found
in the gated regions where dye fluorescence was detected. SYBR-14
and Alexa488-PNA fluorescence were detected on the FL1 chan-
nel using a 530 4+ 15-nm interference filter. Pl and MitoTracker Red
CMXRos fluorescence were detected on the FL3 channel using a
675-nm long-pass filter.

3. Results

3.1. Study of the potential embryotoxic effects of diuron,
glyphosate and Roundup

For the three herbicides, a one-way ANOVA was performed to
analyze the data from each bioassay, taking “herbicide concentra-
tion” as a factor. A second main effects ANOVA was then performed
with the 3 sets of data to describe the main effects and interac-
tions of both “herbicide concentration” and “bioassay experiment”
factors.

3.1.1. Diuron

The three independent embryo-larval bioassays revealed diuron
to have embryotoxic effects on oyster embryo, with some differ-
ences (Fig. 1). Embryotoxicity was detected at concentrations of
0.05 pgL~! upwards in the 2nd and the 3rd bioassays (p <0.001),
whereas significant toxicity was detected at concentrations of
0.10 wg L1 upwards in the 1st assay (p <0.001). An increase in the
% of abnormal D-larvae was observed in two out of the three bioas-
says when diuron concentrations were raised (significant increase
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Fig. 2. Main embryotoxic effect of diuron: results from data collected from the 3
independent bioassays (*p <0.05).

at concentrations of between 0.1 and 0.5 pgL~! in the 1st and the
2nd bioassays).

Taking into account the data from the three bioassays, the main
effects ANOVA revealed no significant differences between the
assays (p=0.19), but a highly significant diuron effect (p<0.001)
(Fig. 2). Diuron embryotoxicity was confirmed after exposure to
concentrations of 0.05 ug L~! upwards, and a significant increase in
the number of abnormal D-larvae was observed at concentrations
of between 0.05 and 0.25 ugL~! (p=0.006).

3.1.2. Glyphosate

Out of the three bioassays conducted at the laboratory, only one
assay revealed glyphosate to have an embryotoxic effect at concen-
trations of 2.5 ugL~! (p<0.001) upwards. Taking into account the
data from the three bioassays, the main effects ANOVA revealed sig-
nificant differences between the assays (p <0.001), with assay 2 dif-
fering from assays 1 and 3 (Fig. 3). The ANOVA also pinpointed a sig-
nificant interaction between “herbicide concentration” and “bioas-
say experiment” (p=0.006). Significant differences were high-
lighted in terms of D-larvae abnormalities (p <0.001), and results
of a posteriori Tukey test confirmed that exposure to glyphosate at

Vertical bars denote 0,95 confidence intervals
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Fig. 3. Results from the three independent embryo-larval bioassays concerning the
effect of glyphosate exposure on oyster development (*p <0.05).
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Fig. 4. Main embryotoxic effect of glyphosate: results from data collected from the
3 independent bioassays (*p <0.05).

concentrations of 5 ugL~! leads to a significant increase in oyster
embryo abnormalities versus the control (p=0.009) (Fig. 4).

3.1.3. Roundup

The three independent embryo-larval bioassays showed
Roundup to have no embryotoxic effects, even at the highest tested
concentration of 5 ug of equivalent glyphosateL~! (p=0.15, 0.38
and 0.89 respectively). The main effects ANOVA performed with the
3 sets of data confirmed this finding (p=0.11, Fig. 5). This analysis
revealed significant differences between the bioassays (p <0.001),
but no significant interaction between “herbicide concentration”
and “bioassay experiment” (p=0.58).

3.1.4. Glyphosate versus Roundup

This comparison was done by analyzing the 3 sets of data using
a main effects ANOVA, taking into account three factors: bioassay
experiment (1-3), herbicide type (glyphosate or Roundup) and her-
bicide concentration (5 concentrations and a sea water control). The
ANOVA results confirmed the existence of differences between the
bioassay experiments (p <0.001). A significant interaction between
“herbicide” and “herbicide concentration” factors (p=0.015) was
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Fig. 5. Main embryotoxic effect of Roundup: results from data collected from the 3
independent bioassays.
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Fig. 6. Results of the viability tests: case of diuron. Results from the titration of
intracellular ATP (A) and from the PrestoBlue Cell Viability assay (B) (*p <0.05).

also pinpointed, in view of the differing results obtained with the
active substance and its formulation. Despite glyphosate appears
to have a weak embryotoxic effect, a significantly higher level of
abnormal D-larvae was obtained following exposure to glyphosate
versus Roundup (p <0.001).

3.2. Effects of herbicide exposure on sperm viability and DNA
integrity

3.2.1. Effects of herbicide exposure on spermatozoa viability

None of our viability tests revealed cytotoxic effects following
a 1-h exposure to the three herbicides in the chosen concentra-
tion ranges. As for diuron, spermatozoa viability was higher than
80% and no differences were observed versus the control group
(Fig.6). The only cytotoxic effect observed related to our H, O, geno-
toxicity control, which resulted in a decrease in the intracellular
ATP content of oyster spermatozoa following a 1-h exposure to a
concentration of 50 .M.

3.2.2. Effects of herbicide exposure on spermatozoa DNA integrity

A significant increase in DNA strand breakage was measured in
oyster spermatozoa after exposure to the direct genotoxicant H, O,
hence qualifying the alkaline comet assay for the assessment of
pollutant genotoxicity in oyster spermatozoa (Fig. 7). As described
further on, genotoxicity results varied from one experiment to
the next. However, the genotoxicity of H;0, was systematically
observed at a concentration of 50 .M in our experiments, justifying
its use as a positive control for the comet assay.
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Fig. 7. Increase in the level of DNA strand breaks of oyster spermatozoa following
exposure to the direct genotoxicant H,0; (*p <0.05).

3.2.2.1. Genotoxicity of diuron in oyster spermatozoa. Two out of
the three independent experiments we conducted illustrated the
genotoxic effects of diuron on oyster spermatozoa at respective
concentrations of 0.25 wgL~! (p=0.003) and 0.50 pg L~ (p<0.001)
upwards. The main effects ANOVA conducted on the three sets
of data confirmed the existence of inter-experimental variations
(p<0.001) and the significant genotoxicity of diuron (p<0.001): a
non concentration-dependent increase in the level of spermato-
zoa DNA damage was demonstrated at the lowest concentration of
0.05 wg L~ upwards (Fig. 8) using a Tukey test.

3.2.2.2. Genotoxicity of Glyphosate and Roundup in oyster sperma-
tozoa. With the exception of one experiment, in which a higher
level of DNA strand breakage was measured following exposure
to 5.0 gL, glyphosate and Roundup did not appear to have

any genotoxic effects on oyster spermatozoa at the concentrations
tested. The main effects ANOVA performed on the three sets of data
confirmed these findings (p=0.11 and p=0.06 respectively), plus
the existence of inter-experimental variations (p<0.01 for both
herbicides).

3.3. Effects of diuron exposure on sperm viability, mitochondrial
function and acrosomal membrane integrity

3.3.1. Effects of diuron exposure on sperm viability and
mitochondrial function

Whatever the exposure concentration of diuron, no effect
on sperm membrane integrity and mitochondrial function was
observed with the Live/Dead sperm viability assay and the Mito-
Tracker Red CMXRos assay respectively (p>0.05). Conversely,
exposure to our genotoxicity control significantly decreased both
of these parameters, as illustrated in Fig. 9. The results obtained
with the MitoTracker Red CMXRos assay and the luminescence
intracellular ATP titration assay were coherent as regards H,O,.

3.3.2. Effects of diuron exposure on sperm acrosomal membrane
integrity

Diuron had no effect on the acrosomal membrane integrity of
oyster spermatozoa, whereas H, O, exposure significantly affected
this parameter, with wide variations (62, 76 and 65% for the three
replicates) (Fig. 9).

4. Discussion
4.1. Herbicide embryotoxicity

The embryotoxicity of a broad variety of pollutants has been
studied in bivalve molluscs and echinoderms thanks to the devel-
opment of embryo-larval bioassays. The embryotoxic effects of
several pesticides, including tributyltin, chlorpyrifos, lindane and
other biocide compounds, have already been investigated in mus-
sels and sea urchins (Kobayashi and Okamura, 2002; Bellas et al.,
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2005; Beiras and Bellas, 2008). Regarding oysters, the embryo-
larval bioassay has previously been used for classical laboratory
toxicity studies (Lyons et al., 2002; Wessel et al., 2007) and for field
studies, with the aim of assessing marine water quality (Quiniou
et al., 2007; Galgani et al., 2009).

The embryo-larval bioassay performed in our study showed
Roundup to have no embryotoxic effects on oysters for the range
of concentrations tested. Regarding glyphosate, the main effects
ANOVA pinpointed a significant increase in the percentage of
abnormal D-larvae at concentrations of 5.00 g L~! upwards. How-
ever, this concentration is well above the highest glyphosate
concentrations (5x) found in the natural environment (Burgeot
et al,, 2008). Moreover, this result complies with previous results
obtained on oysters by De la Broise et al. (personal communica-
tion), the percentage of abnormal D-larvae was lower than 25%
following exposure to the highest tested concentration of 5mgL-!
of glyphosate.

Very few studies exist on the impact of glyphosate on the
development of aquatic species; most focus on the commercial
formulation Roundup and use unrealistic glyphosate concentra-
tions from an environmental viewpoint. In the freshwater snail,
Pseudosuccinea columella, glyphosate in the Roundup formulation
resulted in embryonic abnormalities at concentrations of 0.1 and
10mgL-1 (Tate et al., 1997). In the tadpole, Xenopus laevis, the only
negative event detected on organ morphogenesis was a signifi-
cant increase in intestinal malformations at an environmentally
irrelevant concentration of 5.00mgL-! (Lenkowski et al., 2010).
Embryotoxicity and various malformations (cardiac and pericardic,
digestivo-viteline and musculo-skeletic malformations) were also
observed in zebrafish at glyphosate concentrations of 25 mgL~!
upwards (Bortagaray et al., 2010).

Conversely, diuron appeared to be far more of a threat to the
early development stages of the oyster. This molecule was shown
to be embryotoxic at concentrations of 0.05ugL~! upwards, i.e.
close to the lowest concentrations detected in coastal waters taking
into account an analytical detection limit of diuron in sea water of
around 0.002 pgL~!(Gael Durand, personal communication). The
developmental toxicity of diuron has already been highlighted
in various studies on fish and echinoderms. In the pink snapper
(Pagrus auratus), diuron exposure led to a significant decrease in
hatching and normal embryo development at the highest tested
concentration of 50.00 pgL~! (Gagnon and Rawson, 2009), cou-
pled with a significant increase in spinal deformities in hatched
pink snappers. Effects were also observed on sea urchins at con-
centrations one order of magnitude higher than those tested in our
study. In Paracentrotus lividus, the ECsg and NOEL were 2.39 and
0.25mgL~! respectively concerning this endpoint (Manzo et al.,
2006). In the Japanese species Hemicentrotus pulcherrimus and
Anthocidaris crassispina, the NOEL was 1mgL~! (Kobayashi and
Okamura, 2002). The fact that the oyster ECsq is below 0.05 g L~!
would tend to suggest that oysters are more sensitive to diuron
toxicity than other marine invertebrates.

The developmental toxicity of chemical pollutants may involve
various mechanisms. In some cases, toxic effects are directly
dependent on the individual’s development stage (Hamm and
Hinton, 2000; Villalobo et al., 2000). Various mechanisms have
been put forward for pesticides. In sea squirts, Phallusia mammil-
lata, abnormalities associated with exposure to fungicides, Imazalil
and triadimefon, appear to result from a dose-dependent accu-
mulation of retinoic acid (Pennati et al.,, 2006). In the case of
Irgarol, the embryotoxic effects pointed out on oysters include
a negative impact on calcium homeostasy (Manzo et al., 2006).
Other mechanisms have also been suggested for herbicides,
paraquat and glyphosate. In xenops, the oxyradicals produced by
paraquat metabolism are thought to damage the microtubules and
microfilaments responsible for cell reorientation during somite for-
mation (Vismara et al., 2000). In sea urchins, glyphosate, whether
alone or contained in a formulation, has been shown to affect
sea urchin development through dose-dependent inhibition of
transcription and hatching at concentrations in the millimolar
range (Marc et al., 2005). The mechanisms by which pesticides
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affect development may therefore be both species-dependent and
molecule-dependent.

Of note, and as previously reported for sea urchins (Manzo
et al., 2006) and blue mussels (Fitzpatrick et al., 2008) in the case
of copper and biocide (diuron, irgarol) exposure, embryotoxicity
appears to be a particularly sensitive endpoint for studying the
effects of pollutants on development and reproduction. The embryo
larval bioassay appears however as a toxicity bioassay that can
present a high variability as demonstrated previously during an
inter-laboratory comparison (Stronkhorst et al., 2004). A part of
variability is associated to the use of different batches of genitors
that may present different pollutant sensitivity. This point was also
pointed out by Damiens et al. (2004). By using larvae from two
different pairs of genitors, they obtained a difference in the levels
of several biomarkers in response to carbofuran exposure. These
results were attributed not only to a difference in the physiological
status of the two larvae lots but also to genetic differences. These
two latter parameters are those that could explain the difference
in results between the three independent embryo-larval bioassays
we conducted per herbicide.

4.2. Effects of herbicide exposure on oyster sperm

Whatever the tested concentration, none of the studied herbi-
cides were shown to have cytotoxic effects on oyster sperm. This
could be related to a short exposure time (1 h only). As biotransfor-
mation is thought to be necessary to allow the tested pesticides
to express their potential toxicity, our exposure time may have
been too short for a threshold production of potentially cyto-
toxic by-products. The aminomethylphosphonic acid (AMPA) and
the N-demethyldiuron (DCPMU) and N-didemethyldiuron (DCPU)
are respectively the major produced metabolites of glyphosate
(Motojyuku et al., 2008), and diuron (Abass et al., 2007) in human as
in a wide range of organisms including bacteria. During this study,
we did not directly assess the biotransformation abilities of oys-
ter sperm to metabolize both diuron and glyphosate. However, by
using PrestoBlue Cell Viability Reagent we demonstrated the ability
of oyster sperm to reduce some substrates.

Conversely, as a result of its high direct oxidizing capacity, our
exposure time was adequate to allow hydrogen peroxide to affect
both sperm membrane integrity and mitochondrial function. It is
interesting to note that the results on mitochondrial function we
obtained using the luminescence ATP detection assay system and
the MitoTracker Red CMXRos for flow cytometry analysis were
well-harmonized.

In the course of our study, glyphosate appeared to have no
genotoxic effects on oyster sperm either alone or incorporated
in a formulation. Little data demonstrating the genotoxicity of
glyphosate exist in the literature, although genotoxic effects have
systematically been observed at very high concentrations and by
exposing isolated cells or whole individuals. A significant increase
in single strand breakage was hence reported in Hep-2 cells fol-
lowing 4 and 24-h exposure to 0.5gL-! (Maifias et al., 2009b)
and 5mgL-! of glyphosate (Gasnier et al., 2009) respectively. A
similar genotoxic endpoint was observed in fish erythrocytes fol-
lowing 6-96-h exposure to 10mgL-! (Cavas and Kénen, 2007;
Cavalcante et al., 2008). Genotoxicity was also observed when
glyphosate was tested in the Roundup formulation. In tadpoles,
the Roundup formulation was shown to have genotoxic effects
on erythrocytes following a 24-h exposure to a concentration of
6.75mgL-! (Clements et al., 1997).

As for many other pesticides, the potential genotoxic effects of
glyphosate appear to be mediated by the production of oxyradicals
during its biotransformation process, as indicated by a concomitant
increase in antioxidant defence and lipid peroxidation activities
(Maiias et al., 2009b). It is interesting to note that in rodent,

AMPA, which is the major metabolite of glyphosate, has been
shown to produce different kinds of DNA damage both in vitro and
in vivo (strand breakage in Hep-2 cells, micronuclei in mice fol-
lowing i.p. injections) at respective concentrations of 2.5 mM and
2x 100 mg/kg upwards (Maifas et al., 2009a). AMPA could hence
account for much of glyphosate genotoxicity. The absence of geno-
toxic effects on oyster sperm observed in this study could be the
result of our short exposure time and/or the low concentrations
selected to achieve an environmentally relevant approach.

Unlike glyphosate, diuron was shown to have genotoxic
effects on oyster sperm from our lowest tested concentration of
0.05 wgL~! upwards. The genotoxicity of diuron with regards to
aquatic species has already been demonstrated at environmentally
relevant concentrations. Despite the fact that it was not tested indi-
vidually, diuron (1 wgL-!) was shown to have genotoxic effects
on fish erythrocytes following a 26-day exposure to a mixture
containing axoxystrobine (0.5-1.0 wgL~!) (Bony et al., 2008). In
oysters, irreversible genetic damage such as chromosome number
changes was also observed following the exposure of adult oys-
ters to 0.3 wgL~! of diuron for 11 weeks (Bouilly et al., 2007). In
the latter study, the aneuploidy effect persisted to the next gen-
eration. With regards to the concentrations tested in this study,
diuron appears to be genotoxic but not cytotoxic in oyster sperm.
The measurement of single strand breakage indicated an attack on
DNA by oxyradicals thought to be produced during diuron biotrans-
formation. The results of the main effects ANOVA showed diuron
to have toxic effects on oyster embryo (embryotoxicity) and on
sperm (genotoxicity) at the same and very low concentration of
0.05 wgL~1. As genotoxic impact on reproductive success is diffi-
cult to assess, it is important to determine how damage to sperm
DNA can affect its function, and how the transmission of damaged
DNA can impair development.

The results we obtained by flow cytometry allowed us to answer
that question partially. As previously described (Gillian et al., 2005;
Martinez-Pastor et al., 2010), flow cytometry is a foremost tech-
nique for sperm assessment. This method has already been used
to assess gamete quality in oysters, in the aim of developing cry-
opreservation protocols (Paniagua-Chavez et al., 2006). It has also
been used to study the effects of pollutants and UV irradiation on
the sperm of oysters and other invertebrates (Lu and Wu, 2005;
Favret and Lynn, 2010). Sperm mitochondrial function and acro-
somal membrane integrity were selected as good indicators of
sperm function. ATP in sperm flagella is consumed to provide
energy for motility; it is synthesized by mitochondrial respira-
tion and mainly stored prior to activation. The acrosome plays
an important role at the sperm-egg binding site: its activation
(acrosomal reaction) prompts the exocytosis of its enzyme con-
tents (e.g. acid glycohydrolases, proteases, and esterases), hence
enabling the acrosome-reacted spermatozoa to penetrate the zona
pellucida and fertilize the egg. In our study, diuron exposure had no
effect on mitochondrial function or acrosomal membrane integrity,
which are the key parameters governing fertilization. However, our
genotoxicity control significantly affected these parameters. As the
toxicity of hydrogen peroxide is exclusively mediated by oxida-
tive stress, an unbalanced production of oxyradicals can potentially
affect both sperm DNA and sperm function in oysters. In the case of
diuron, the induced oxidative stress may have sufficed to damage
sperm DNA, but been insufficient to affect sperm function in terms
of mitochondrial function and acrosomal membrane integrity. We
can note that exposure to pesticide formulations (Bayluscide and
Roundup Ready To-Use-Plus®, respectively formulated with the
active substances niclosamide and glyphosate) resulted in signif-
icant effects on both of these parameters in oysters (C. virginica),
freshwater mussels (D. polymorpha) and sea urchins (L. variega-
tus), with differences according to species and molecules (Favret
and Lynn, 2010). For example, a 20-min exposure to Bayluscide
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significantly affected mitochondrial function after a 20-min sperm
exposure at 62.5ugL"1, 250 ugL-! and 1mgL-! in oysters, sea
urchins and freshwater mussels respectively. Although Bayluscide
significantly affected oyster acrosomal membrane integrity at a
concentration of 1 mgL-1, Roundup exposure produced no effect
on this parameter, even at the highest tested concentration of
16mgL-1. Similar to embryotoxicity, spermiotoxicity appears to
be both species-dependent and molecule-dependent.

5. Conclusion

The various embryo-larval bioassays and spermiotoxicity exper-
iments carried out in the course of our study revealed differing
results, possibly due to the influence of oyster genitor lots on
biological responses. As various authors have pointed out, it
appears necessary to test different oyster couples/individuals when
performing bioassays, in order to take into account sensitivity dif-
ferences which may be partly owed to genetic polymorphism.

Glyphosate and Roundup had no effect on oyster sperm and
embryos in our experiments. The commercial formulation did not
appear to be more toxic than glyphosate - the active substance -
in terms of embryotoxicity, sperm DNA damage and sperm func-
tion defects. However, it will be interesting to study the effects of
the main metabolite of glyphosate, AMPA, before taking a stance
on the potential environmental threat represented by glyphosate
for broadcast spawners.

Conversely, diuron appears to have embryotoxic and genotoxic
effects on oyster sperm at environmentally realistic concentra-
tions; these effects were observed from 0.05 g L~! upwards. The
presence of diuron in coastal waters therefore appears to represent
a threat to oyster populations. As diuron can provoke developmen-
tal defects, it may significantly affect oyster recruitment rates; it can
also cause significant damage to sperm DNA. Even though our initial
findings showed no impact on sperm function (mitochondrial func-
tion and acrosomal membrane integrity), we need to investigate
to what extent fertilization rates may be affected, and determine
the possible consequences of damaged DNA transmission on oyster
development and physiological performance.
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