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a  b  s  t  r  a  c  t

Pesticides  may  be  involved  in  oyster  summer  mortality  events,  not  necessarily  as  a  single  causative
agent  but  as  an additional  stressor.  In this  context,  the  present  study  aimed  to  assess  the  toxicity  of
glyphosate,  its by-product,  aminomethylphosphonic  acid  (AMPA)  and  two  commercial  formulations,
Roundup  Express® (REX) and  Roundup  Allées  et Terrasses® (RAT),  containing  glyphosate  as  the  active
ingredient,  on  the  early  life  stages  of  the  Pacific  oyster,  Crassostrea  gigas.  The embryotoxicity  of these
chemicals  were  quantified  by considering  both  the  rates  of  abnormalities  and  the arrested  develop-
ment  or  types  of  abnormalities  in  D-shaped  larvae  after  48  h  exposure.  The  success  of  metamorphosis
was  examined  in pediveliger  larvae  exposed  for 24 h.  Experiments  involving  both  endpoints  included
range  finding  experiments  for  herbicide  concentrations  ranging  from  0.1  to 100,000  �g L−1.  This  range
was  then  narrowed  down  in  order  to determine  precise  EC50 values.  Actual  concentrations  of  the  her-
bicide  were  determined  at  the  beginning  and  after 48  h (embryotoxicity)  and  24  h  (metamorphosis)  to
evaluate  the potential  temporal  variation  in  the  concentrations.  During  embryo-larval  development,  no
mortalities  were  recorded  at any  of  the concentrations  of  glyphosate  and  AMPA,  whereas  no embryos  or
D-shaped  larvae  could  be observed  after  exposure  to  10,000  �g L−1 of  REX or RAT.  Compared  with  the  con-
trols,  no  effects  on  embryo-larval  development  were  recorded  between  0.1  and  1000  �g L−1,  regardless
of  the chemical  tested.  Above  a  threshold,  which  varied  according  to  the  chemical  used,  the gradient  of
herbicide  concentrations  correlated  with  a gradient  of  severity  of  abnormality  ranging  from  normal  lar-
vae to  arrested  development  (an  “old  embryo”  stage).  The  EC50 values  were  28,315  and  40,617  �g  L−1 for
glyphosate  and  its  metabolite,  respectively,  but much  lowered  values  of  1133  and  1675  �g  L−1 for REX and

RAT,  respectively.  Metamorphosis  tests  also  revealed  a significant  difference  between  molecules,  as  the
EC50 values  exceeded  100,000  �g L−1 for glyphosate  and  AMPA  but  were  as  low  as 6366  and  6060  �g  L−1

for  the  commercial  formulations,  which  appeared  relatively  more  toxic.  Overall,  the  embryo-larval  devel-
opment of C.  gigas  was  more  sensitive  to glyphosate-based  herbicides  compared  to  various  endpoints
studied  in  regulatory  model  organisms,  and  embryos  and  D-shaped  larvae  were  more  sensitive  compared
to pediveliger  larvae.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In Europe, aquatic environments are continuously subjected to
arious contaminants originating from domestic, industrial and

gricultural activities. The English Channel is especially affected
y chronic contamination resulting from heavy shipping traffic,

ndustrialisation (including nuclear industry) and high population
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density along the coastlines. For example, in the early 1980s, the
Seine River, which flows into the English Channel, was  considered
one of the most contaminated rivers in the world (Carpentier et al.,
2002). Today, the situation in the Seine Estuary and the Channel
remains worrying with respect to their ecological status and the
quality of their marine resources (Cachot et al., 2006; Schnitzler
et al., 2011). In addition to recent European legislations, which

aim to maintain the high ecological status of the hydrosphere,
such considerations have led to the launch of a European Inter-
reg IVA program named “Chronexpo”. Under this initiative, the
“Chronexpo” project aims to study the effects of chronic exposure

dx.doi.org/10.1016/j.aquatox.2012.12.002
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
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o various contaminants on ecologically and economically impor-
ant marine organisms inhabiting the English Channel (e.g. annelids
nd molluscs).

The Pacific oyster, Crassostrea gigas (Thunberg), was  introduced
nto France in 1967 and now represents an important commer-
ial bivalve species. With annual production varying from 126,000
o 138,000 t during 1996–2006, France ranked top in Europe (and
ourth in the world) for oyster production (CNC, 2012). Despite the
ffects of a current viral infection, France remains a leader in oys-
er farming producing 82,800 t in 2010 (CNC, 2012). In Normandy
nd north Brittany, oysters are farmed in the sandy intertidal zones
f the Channel, and this production represented, on average 20%
nd 24%, respectively, of total French production in 2009 (CNC,
012). Nevertheless, in addition to spat mortalities due to epi-
ootics involving viruses and bacteria, French oyster basins can
poradically experience significant mortality events (>30%) in sum-
er  which threaten commercial production (Royer et al., 2007;

oletchnik et al., 2007). The summer mortality syndrome does
ot appear to result from a single cause but may  result from a
ombination of several extrinsic and intrinsic factors including ele-
ated temperature, low dissolved oxygen (hypoxia), xenobiotics
nd physiological stresses related to reproduction (Samain et al.,
007). Climatic and hydrological surveys have shown that oyster
ortalities occur when the water temperature exceeds 19 ◦C. In
ormandy, these mortalities have been especially high during years
f high rainfall and in areas under estuarine influences (compared
o zones exclusively under marine influence) (Costil et al., 2005;
opert et al., 2008). In this context, terrestrial inputs including pes-
icides may  be involved in oyster mortality events, not as a single
ausative agent, but as additional stressors.

Ecotoxicological studies involving marine organisms often
ddress contaminants such as metals, polychlorobiphenyls (PCBs),
olycyclic aromatic hydrocarbons (PAHs), and less frequently, pes-
icides. Moreover, most of the studies concerning pesticides have
ocused on the particularly toxic organophosphate and organochlo-
ine insecticides (e.g., Scott et al., 2002; De Mora et al., 2005). Many
f these compounds are banned in France, which was  the primary
uropean country for pesticide use (62,700 t of active substances
sed in 2011) (UIPP, 2012). Among pesticides, glyphosate-based
erbicides are the most widely used in France and across the
orld (Baylis, 2000; Woodburn, 2000). In Normandy, more than

000 t of these active substances were sold in 2009 (Agence
e l’Eau Seine Normandie, personal communication). Glyphosate
N-(phosphonomethyl)glycine; C3H8NO5P] is a broad-spectrum
minophosphonate-type herbicide used in agricultural and non-
gricultural activities; it inhibits plant growth by interfering with
-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS), which is

 key enzyme for the production of essential aromatic amino acids
Amrhein et al., 1980). Humans and animals cannot be considered
s target organisms because they do not have this biosynthetic
athway. Since its first commercialisation in 1974, glyphosate
as often been considered relatively non-toxic for humans and

auna (Williams et al., 2000; Giesy et al., 2000). It has also
een regarded as an environmentally friendly pesticide because
f its rapid biodegradation and strong adsorption to soil parti-
les (Koc = 884–60,000 L kg−1 depending on soil types) (Agritox,
012; PPDB, 2012). However, glyphosate is highly water-soluble
10–15.7 g L−1; Battaglin et al., 2005) and is present in surface
aters worldwide. In Europe, this herbicide and its metabolite

minomethylphosphonic acid (AMPA) are thus frequently detected
n aquatic ecosystems, sometimes at high concentrations (Botta
t al., 2009; SOS, 2010; Puértolas et al., 2010).
In France, coastal environments are far less monitored in com-
arison to freshwater ecosystems, and little data exist describing
ontamination of marine or coastal waters by herbicides. In Nor-
andy, 6 of the 15 herbicides under study (excluding glyphosate)
y 128– 129 (2013) 67– 78

were detected at low tide in seawater; the highest concentration
was recorded for diuron (0.132 �g L−1) (Buisson et al., 2008). In the
bay of Arcachon (South West France), 5 herbicides were detected
in seawater following tests for a total of 6 herbicides, and the maxi-
mum  concentration was measured for irgarol (0.066 �g L−1) (Auby
et al., 2007). Because of analytical difficulties, the glyphosate/AMPA
compounds remain particularly poorly documented in coastal envi-
ronments (Munaron, 2004). Burgeot et al. (2008) have reported
maximum concentrations of glyphosate reaching 0.10 �g L−1 and
1.20 �g L−1 in spring of 2003 and 2004, respectively, in the seawa-
ter of the basin of Marennes-Oléron (South West France). In the
past, studies of the impacts of pesticides on organisms focused on
active substances, whereas few studies have addressed commercial
formulations. In the case of glyphosate, many commercial formula-
tions are used in domestic and agricultural weed control. The brand
Roundup® contains glyphosate formulated as an isopropylamine
(IPA) salt, and a surfactant, polyoxyethylene tallow amine (POEA),
is added to enhance the efficacy of the herbicide (Tsui and Chu,
2003). Tsui and Chu showed that Roundup® or the surfactant used
are more toxic than glyphosate alone in bacteria (Vibrio fischeri)
and in different aquatic plant and animal species. Such a result has
also been demonstrated in freshwater oligochaetes (Contardo-Jara
et al., 2009), amphibians (Howe et al., 2004; Hedberg and Wallin,
2010) and mammals, including humans (Peixoto, 2005; Pieniążek
et al., 2004).

The sensitivity of organisms to contaminants depends on many
factors, including the life cycle stages; early stages are often con-
sidered particularly sensitive (e.g., Giesy and Graney, 1989; Jha
et al., 2000). In marine bivalves (oysters and mussels), often consid-
ered as sentinel organisms for coastal environments, embryo-larval
stages are used in ecotoxicological studies. Some previous studies
have examined larval growth or condition index (Brereton et al.,
1973; Geffard et al., 2007); the activities of different enzymes,
including those implied in oxidative stress regulation (Damiens
et al., 2004; Quiniou et al., 2007); and the integrity of DNA (Jha
et al., 2000; Hagger et al., 2005; Cheung et al., 2006; Wessel et al.,
2007). Finally, many of the ecotoxicological studies using marine
bivalve larvae have mainly evaluated the embryotoxic effects of
various pollutants (Robert et al., 1986; His et al., 1999; Nice et
al., 2000; Lyons et al., 2002; Libralato et al., 2008; Cachot et al.,
2006; Akcha et al., 2012). In this context, the study by Akcha et al.
(2012) is especially interesting as it aimed to determine the poten-
tial embryotoxicity of two  herbicides: diuron and glyphosate but
the study tested a highest concentration of 5.0 �g L−1. By compar-
ison, the metamorphosis success of bivalve larvae has rarely been
used as a biological response to study the impact of contaminants in
the sensitive life stages (His et al., 1997). Studies of marine bivalve
metamorphosis have especially addressed the impacts of hormones
such as epinephrine (Coon and Bonar, 1987; García-Lavandeira
et al., 2005; Wang et al., 2006). It was  therefore important to opti-
mise the protocol suggested by Coon and Bonar (1987) to compare
the results with those obtained on embryotoxicity evaluation. The
aim of the present study was  to assess the impacts of glyphosate,
AMPA and two commercial formulations (Roundup Express® and
Roundup Allées et Terrasses®) on the embryo-larval development
of the Pacific oyster, C. gigas, by considering abnormality rates and
the types of abnormalities. The second objective was  to study the
effects of the 4 substances on the success of metamorphosis of
pediveliger larvae. The hypothesis of a higher toxicity of commer-
cial formulations based on available literature was  thus tested by
observing two larval stages. In both cases, broad ranges of con-
centrations (0.1–100,000 �g L−1) were first tested because of a lack

of data in the literature, and then, narrower ranges were used to
more precisely determine the effective concentration that induces
an effect on 50% of the population (EC50). Finally, the present study
aimed to assess the usefulness of embryo-larval development and
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etamorphosis as toxicity endpoints in marine ecotoxicology, and
o contribute to the assessment of glyphosate-based herbicide tox-
city. Such an evaluation is particularly useful because glyphosate
nd AMPA are listed among “the substances subject to review for
ossible identification as priority substances or priority hazardous
ubstances” (Official Journal of the European Union, 2008).

. Materials and methods

.1. Chemical compounds

Glyphosate, the active ingredient in commercial Roundup®

erbicides, is highly water soluble (Battaglin et al., 2005). It is con-
idered a non-persistent molecule in soils (half-life, DT50 = 12 days)
ut relatively persistent in water considering its hydrolysis (>30
ays for pH ranging from 5 to 9) and photolysis times (69 and
7 days, respectively, for pH of 7 and 9) (Agritox, 2012; PPDB,
012). Glyphosate metabolises to AMPA which is highly water-
oluble and persistent in soil (DT50 = 151 days). In this study, the
ffects of two commercial Roundup® herbicides were also assessed,
oundup Express® (REX) and Roundup Allées et Terrasses® (RAT)
Monsanto Company, St. Louis, MO,  USA), which contain 7.2 and
.4 g L−1 of glyphosate, respectively. In these formulations, adju-
ants are used to aid or modify the action of the principal active
ngredient (Tu et al., 2001). In Roundup® formulations, the most

idely used adjuvants are poly-ethoxylated tallow amines (POEA).
n the present study, glyphosate (97% purity) and AMPA (97.5%
urity) were obtained from Dr. Ehrenstorfer GmbH® (Augsburg,
ermany). The two types of Roundup® were purchased from a gar-
en centre. All concentrations given in this study are expressed in
lyphosate equivalents. All of the solutions of herbicides used were
repared with natural sterilised open seawater (0.22 �m,  Steritop®

illipore).
For both endpoints, the nominal concentrations corresponding

o 0.1, 1, 100 and 10,000 �g L−1 of the chemicals (i.e. glyphosate
nd AMPA) were verified (in duplicate) by ultraperformance liquid
hromatography (UPLC) and fluorometric detection (in accordance
ith NF ISO 21458) using UPLC Acquity with FLR detector (Waters)

nd a column Acquity BEH C18 −2.1 mm  × 150 mm,  1.7 �m.  More-
ver, the analyses were performed at the beginning and at the end
f the exposures to verify the variation in the tested concentra-
ions during the period of the experiment. These analyses were
erformed once without embryos or larvae to avoid the interaction
etween the physico-chemical and biological processes. Finally, the
oncentrations of glyphosate and AMPA in both commercial formu-
ations (REX and RAT) were determined (5 replicates) to verify the
alues indicated on the labels by the Monsanto Company.

.2. Embryotoxicity bioassay and experimental design

Embryo-larval toxicity tests were performed on oyster embryos
xposed to herbicides using the standardised AFNOR procedure
AFNOR XP-T90-382) published in 2009. Four experiments were
onducted, and for each experiment, herbicide concentrations were
ested in triplicate. For the first two experiments, herbicide con-
entrations ranged from 0.1 to 100,000 �g L−1 with a factor of 10×
etween each two consecutive concentrations (7 concentrations in
otal + control). Then, embryos were exposed to additional concen-
rations of herbicides corresponding to narrower ranges to more
recisely determine the EC50 values. For glyphosate and AMPA, the
arrowed range was from 10,000 to 30,000 �g L−1, and 9 and 11 dif-
erent concentrations (+control) were tested, respectively (Fig. 3A
nd B). For each commercial formulation, the narrowed range was
etween 1000 and 2000 �g L−1, and a total of 18 different con-
entrations (+control) were tested (Fig. 3C and D). Apart from the
y 128– 129 (2013) 67– 78 69

herbicide exposures and the control (0 �g L−1), CuSO4·5H2O (Alfa
Aesar GmbH®; Karlsruhe, Germany) was used as a positive control,
with concentrations ranging from 20 to 100 �g L−1 (5 concentra-
tions).

Conditioned oysters were purchased from the Guernsey Sea
Farm Ltd. hatchery (Guernsey, UK). Male and female gametes were
obtained by thermal stimulation of 3 pairs of genitors (successive
baths at 16 ◦C or 28 ◦C). After spawning, gametes from the different
genitors were observed under a light microscope to select geni-
tors with the best cell qualities: highly concentrated and motile
spermatozoa and even, pear-shaped oocytes. The spermatozoa
and oocytes of the selected parents were passed through, respec-
tively, 40 and 100 �m screens to remove debris. Female and male
gametes (1:6) were then mixed and gently agitated. The occurrence
of fertilisation was verified with light microscope observations,
and 20-min post-fertilisation, the embryos were distributed into
glass pillboxes containing 25 mL  of natural sterilised seawater
(0.22 �m,  Steritop® Millipore). Embryos were exposed at a density
of 60,000 L−1 (corresponding to 1500 embryos per pillbox) with-
out feeding, aeration and light. After 48 h at 22 ± 1 ◦C, embryos or
D-shaped larvae were fixed using 0.5 mL  of an 8% formalin solution.

An average of 100 larvae was  counted per replicate using
an inverted binocular microscope at 400× magnification (Leica®

DM IRB). Observations allowed the calculation of rates of abnor-
mality and the discrimination among types of abnormalities; 5
categories could be distinguished: shell and/or hinge abnormality,
mantle abnormality (hypertrophies), shell and/or hinge + mantle
abnormality, late arrested development and early arrested devel-
opment (when cells could be distinguished and counted) (Fig. 1).
The results of embryo-larval development in exposed organisms
were expressed as net percentages of normal development, NPNe

(adjusted for the controls) (AFNOR, 2009) as follows:

NPNe = 100 −
[

PAe − PAc

100 − PAc
× 100

]

where

PAe = NAe × 100
Te

NAe = number of abnormal larvae in a given exposure replicate;
Te = total number of larvae in a given exposure replicate.

PAc = mean of PAc (for a given experiment)

PAc = NAc × 100
Tc

NAc = number of abnormal larvae in a given control replicate;
Tc = total number of larvae in a given control replicate.

2.3. Metamorphosis bioassay and experimental design

The aim of this endpoint was  to assess the metamorphosis
rate of pediveliger larvae (ready for metamorphosis) exposed to
herbicides. Experiments were performed 4 times, and each her-
bicide concentration was tested at least in triplicate. For the four
experiments using glyphosate and AMPA, herbicide concentrations
tested ranged from 0.1 to 100,000 �g L−1 (broad range). For the
Roundup® formulations, the two  first experiments were conducted
on the broad range of concentrations; then, pediveliger larvae were
exposed to a narrow range of concentrations between 1000 and
10,000 �g L−1 (19 concentrations + control) (Fig. 5B and C). Twenty-

one-day-old pediveliger larvae were purchased from the SATMAR
(Société ATlantique de MARiculture) hatchery (Barfleur, France).
Larvae were exposed in multiwell plates (12-wells, NUNC®; Pen-
field, New York, USA) in a final volume of 1.5 mL of natural sterilised
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Fig. 1. Light microscopy images (400×) showing the morphology of the developmental stages of Crassostrea gigas at 48 h: (A) normal D-shaped veliger; (B) D-shaped veliger
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the controls and the various herbicide concentrations and the her-
bicide concentrations themselves. When ANOVA or Kruskal–Wallis
tests revealed significant differences, multiple comparison tests
howing abnormal shell; (C) D-shaped veliger presenting hypertrophied mantle; (
howing arrested development at the “old embryo” stage.

eawater (0.22 �m,  Steritop® Millipore). Larval density was set
etween 50 and 80 larvae per well. To promote metamorphosis,
pinephrine (Sigma–Aldrich®) was added at a final concentration
f 10−4 M (Coon and Bonar, 1987). Experiments were conducted for
4 h at 22 ◦C without feeding, aeration and light.

After 24 h, exposed larvae were observed using an inverted
inocular microscope at 100× magnification (Leica® DM IRB) to
ount dead larvae that showed no movement and/or tissue degra-
ations. Following this first count, larvae were fixed using an 8%
ormalin solution. The metamorphosis rate was evaluated by count-
ng metamorphosed versus non-metamorphosed larvae. A larva

as considered metamorphosed when it presented an obvious loss
f its velum, new shell growth and well-developed gills (Fig. 2).
side from metamorphosis processes, we also examined mortality,
onsidering the latter “more serious” than a lack of metamorphosis.
etamorphosis rates were thus calculated by considering both the

ercentages of non-metamorphosed and dead larvae versus meta-
orphosed ones. The results of the metamorphosis test in exposed

rganisms were expressed as net percentages of metamorphosis,
PMe (adjusted for the controls) as follows:

PMe = 100 −
[

PNMe − PNMc

100 − PNMc
× 100

]

here

NMe = NNMe × 100
Te

NMe = number of non-metamorphosed larvae in a given exposure

eplicate; Te = total number of larvae in a given exposure replicate.

NMc = mean of PNMc (for a given experiment)
shaped veliger exhibiting both shell/hinge and mantle abnormalities; (E) embryo

PNMc = NNMc × 100
Tc

NNMc = number of non-metamorphosed larvae in a given control
replicate; Tc = total number of larvae in a given control replicate.

2.4. Statistical analysis

The comparison of herbicide concentrations at the beginning
of the experiments and after 24 h (metamorphosis test) or 48 h
(embryotoxicity) exposure was  performed using Mann–Whitney
tests. Non-linear regressions (using the Hill equation) on data
obtained from the two endpoints allowed us to calculate various
ECX (effective concentration for an effect on X% of the individuals
tested) values for each contaminant. These regressions were con-
ducted using the Excel® macro REGTOX (Vindimian, 2012). Data
related to the effects of glyphosate and AMPA on metamorpho-
sis were statistically tested by one-way ANOVAs, as they met  the
assumptions of parametric tests (normal distribution and homo-
geneity of variances). On the other hand, the data on the impact
of commercial formulations on metamorphosis and all of the data
concerning embryotoxicity (even transformed) did not meet these
assumptions; thus, Kruskal–Wallis tests were employed to make
conclusions about the significance of the differences between both
(Student–Newman–Keuls; SNK or SNK modified for Kruskal–Wallis
test) were then undertaken to distinguish among different groups
(Scherrer, 1984). All of the analyses were conducted using STATIS-
TICA 8.0 software (Statsoft®, Tulsa, OK, USA).
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ig. 2. (A): A 21-day-old C. gigas pediveliger larva showing velum (v) and feet (f),
rowth  (s).

. Results

.1. Analyses of the tested molecules

For the glyphosate and AMPA exposures, the measured con-
entrations in general were slightly higher than the nominal
oncentrations (Table 1); these differences were greater for the
owest concentrations (1 and above all 0.10 �g L−1) and reached

 maximum of 40% (0.14 �g L−1 instead of 0.10 �g L−1) for the
mbryotoxicity test at T0h. However, the measured concentrations
ere globally close to the nominal concentrations. The glyphosate

oncentrations of Roundup Express® (REX) and Roundup Allées et
errasses® (RAT) averaged 9.52 g L−1 (±1.23) instead of 7.20 g L−1,
nd 6.27 g L−1 (±1.63) instead of 4.40 g L−1, respectively. It thus
ppeared that the commercial formulations were overdosed by
32.22% for REX and +42.50% for RAT. For the exposures of embryos
nd larvae to Roundup®, the various solutions were prepared based
n the advertised concentrations (i.e., 7.2 and 4.4 g L−1); therefore,
he true concentrations exceeded the nominal ones for both end-
oints (Table 1). The maximal difference attained was 50% for the

mbryotoxicity test with REX at T0h and T48h (0.15 �g L−1 instead
f 0.10 �g L−1), but generally, the excess did not reach the propor-
ion of 32.22% for REX and 42.50% for RAT, especially for the highest
oncentration tested (10,000 �g L−1).

able 1
esults (mean values in �g L−1 ± SEM) of the herbicide analyses performed for both en
lyphosate, aminomethylphosphonic acid (AMPA) and two  commercial formulations: Ro

Nominal concentrations Embryotoxicity

T0h 

Glyphosate (�g L−1) 0.1 0.12 ± 0.01 

1 1.20 ± 0.07 

100  114.1 ± 3.1 

10,000 10,025 ± 113 

AMPA  (�g L−1) 0.1 0.14 ± 0.00 

1  1.09 ± 0.05 

100  108.7 ± 2.8 

10,000 10,552 ± 187 

REX (�g L−1) 0.1 0.15 ± 0.02 

1  1.21 ± 0.01 

100  108.7 ± 2.6 

10,000 10,625 ±  403 

RAT (�g L−1) 0.1 0.13 ± 0.00 

1 1.25 ± 0.00 

100  136.6 ± 4.8 

10,000 10,652 ± 286 
s (B): a 21-day-old metamorphosed larva showing developed gills (g) and a shell

When the values recorded at the beginning of the experiments
were compared with those measured after 24 or 48 h of expo-
sure, no significant differences were calculated (Mann–Whitney
tests, p > 0.05), and it could be concluded that the organisms were
exposed to constant concentrations during the two  types of exper-
iments.

3.2. Effects of glyphosate-based herbicides on embryo-larval
development

For each experiment, the results of the embryo-larval bioassay
revealed very high levels of fecundation, as almost no oocytes were
recorded and the observed organisms were embryos and normal or
abnormal D-larvae. Moreover, all of the embryotoxicity tests pre-
sented in this study could be validated because they respected the
two validation conditions required by the standardised procedure
(AFNOR, 2009): in controls, the rate of normal larvae must reach
at least 80%, and the EC50 Cu2+ must fall between 6 and 16 �g L−1.
Indeed, these parameters ranged, respectively, from 82.94% (SEM:
±2.51%) to 92.08% (SEM: ±1.48%), and from 8.47 to 12.43 �g L−1 in

our experiments.

Exposures to glyphosate (and AMPA) and to commercial for-
mulations gave different results in terms of organism survival
and embryo-larval development. No mortalities were observed

dpoints at the beginning of the experiment and after 24 h or 48 h of exposure to
undup Express® and Roundup Allées et Terrasses® .

 Metamorphosis rate

T48h T0h T24h

0.12 ± 0.02 0.12 ± 0.01 0.12 ± 0.01
1.20 ± 0.08 1.09 ± 0.01 1.15 ± 0.05

114.5 ± 3.9 109.7 ± 7.1 113.0 ± 1.4
9833 ± 244 10,407 ± 166 11,055 ± 155

0.14 ± 0.03 0.10 ± 0.00 0.14 ± 0.01
1.07 ± 0.01 1.04 ± 0.02 1.08 ± 0.00

103.4 ± 0.04 102.8 ± 0.1 104.1 ± 0.6
9957 ± 67 9805 ± 7 10,392 ± 39

0.15 ± 0.01 0.11 ± 0.01 0.12 ± 0.02
1.29 ± 0.00 1.07 ± 0.02 1.00 ± 0.00

122.6 ± 15.9 119.6 ± 16.5 110.9 ± 0.2
10,745 ± 49 10,455 ± 14 10,757 ± 272

0.14 ± 0.00 0.12 ± 0.02 0.11 ± 0.01
1.32 ± 0.01 1.25 ± 0.03 1.25 ± 0.03

135.6 ± 0.6 138.1 ± 12.7 116.3 ± 3.0
10,662 ± 11 12,140 ± 827 11,845 ± 537
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Fig. 3. Net percentages of normal development (NPNe) (±SEM) in C. gigas embryo-larvae observed after 48 h of exposure to herbicides at concentrations ranging from 0.10
t −1 −1 ress® ®
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o  100,000 �g L for glyphosate (A) and AMPA (B) or 2000 �g L for Roundup Exp
bserved at the tested concentrations of 4000, 6000 and 8000 �g L−1 for REX and R
ignificantly different; by convention, the controls belong to group a. For RAT, NPNe

t any of the concentrations of glyphosate and AMPA tested,
ven at 100,000 �g L−1; however, at this highest concentration,
nly embryos and abnormal D-shaped larvae were present. In
ontrast, at 10,000 �g L−1 of REX and RAT, no embryos or D-
arvae were observed, and mortality rates of 100% were thus
ecorded.

In comparison to controls, no effects on embryo-larval devel-
pment were recorded between 0.1 and 1000 �g L−1 regardless of
he chemical studied (Fig. 3). A drastic impact of herbicide expo-
ure was observed between 1000 �g L−1 and 10,000 �g L−1 for
oth Roundup® formulations (Fig. 3C and D), whereas this haz-
rdous effect occurred between 10,000 �g L−1 and 100,000 �g L−1

or glyphosate (Fig. 3A) and AMPA (Fig. 3B). From 20,000 �g L−1

f glyphosate or AMPA, the rates of normal D-shaped larvae
ecreased, but compared to the lower concentrations, the differ-
nces were not significant (Kruskal–Wallis and SNK tests, p > 0.05)
ue to a high degree of heterogeneity (Fig. 3A and B). Compared
o glyphosate, AMPA showed a higher EC50 value: 40,617 �g L−1

versus 28,315 �g L−1) (Table 2). Moreover, at the highest concen-
ration (100,000 �g L−1), glyphosate appeared to be slightly more
oxic than AMPA because the net percentages of normal develop-

ent (NPNe) were 0.52% (SEM: ±0.45%) and 20.45% (SEM: ±6.88%),
espectively. For the exposures to commercial formulations, no nor-
al  larvae were observed at the tested concentrations of 4000,

000 and 8000 �g L−1. This conclusion led us to narrow the range
f tested concentrations of REX and RAT again, to between 1000 and
000 �g L−1. From the exposure to 1000 �g L−1 REX, NPNe progres-
ively decreased up to the concentration of 1500 �g L−1, which did

ot allow normal larval development in C. gigas (Fig. 3C). For RAT
xposure, the NPNe profile differed because no significant effects
ere observed up to 1600 �g L−1, and a sharp decrease was then
oted (Fig. 3D). Considering both the EC10 and the EC50 values
(REX) (C) and Roundup Allées et Terrasses (RAT) (D). Since no normal larvae were
y are therefore not represented. The concentrations that do not share a letter are
acking at 1400 �g L−1 due to a technical problem.

(Table 2), the tested commercial formulations were more toxic than
the active matter and its metabolite, and among the Roundup®

formulations, REX was the most toxic with an EC50 of 1133 �g L−1

(versus 1672 �g L−1 for RAT).
When abnormal embryo-larval development was  observed, dif-

ferent types of abnormalities could be distinguished (Fig. 4A–D).
If we consider the controls and the range of herbicide concentra-
tions where no effects were recorded regardless of the chemical
used (i.e., 0.1 to 1000 �g L−1), it appeared that the most frequent
abnormalities (∼4.3–6.3%) were arrested development at the “old
embryo” stage (EMB) and abnormalities affecting the shell and/or
hinge (SHEL). The percentages of abnormalities affecting the man-
tle (MANT) or both the shell and the mantle (MASH) significantly
increased from approximately 1000 �g L−1 for the commercial for-
mulations (Fig. 4C and D) and 10,000 �g L−1 for glyphosate and
AMPA (Fig. 4A and B). Exposures to REX could be distinguished
by the frequency of these abnormalities. At the highest concentra-
tions, frequent arrest of development at the “old embryo” stage was
observed. The level of 50% “old embryos” was not attained for AMPA
and occurred at ∼40,000 �g L−1 for glyphosate, ∼1850 �g L−1 for
RAT and ∼1550 �g L−1 for REX.

3.3. Effects of glyphosate-based herbicides on larval
metamorphosis

Aside from metamorphosis rates, mortality rates were also con-
sidered because mortality processes are “more serious” than a
lack of metamorphosis. For the four metamorphosis tests per-

formed, the mortality rate of the controls was 1.73% (SEM: ±0.47%).
For the exposures to glyphosate and AMPA, mortality rates were
low whatever the concentration tested; they ranged, respectively,
from 1.68% (SEM: ±0.71%; 10 �g L−1) to 7.49% (SEM: ±2.76%;



A. Mottier et al. / Aquatic Toxicology 128– 129 (2013) 67– 78 73

Table  2
Ecotoxicological parameters calculated for (1) the embryotoxicity tests (rates abnormalities in D-shaped larvae) and (2) the rates of pediveliger larvae mortality and metamor-
phosis after 48 h exposures to 4 herbicide substances: glyphosate (GLY), AMPA, Roundup Express® (REX) and Roundup Allées et Terrasses® (RAT). ECX = effective concentration
(in  �g L−1) which induces an effect on X% of the population (10 or 50%).

Endpoints Parameters GLY AMPA REX RAT

Abnormality rates in D-shaped larvae
EC10 13,457 10,299 1006 1628
EC50 28,315 40,617 1133 1672

Mortality rates of pediveliger larvae
EC10 >100,000 >100,000 6601 4991
EC50 >100,000 >100,000 8502 7934
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Metamorphosis rates of pediveliger larvae
EC10

EC50

00,000 �g L−1) and from 1.22% (SEM: ±0.61%; 10 �g L−1) to 2.84%
SEM: ±1.03%; 1000 �g L−1). In both cases, the EC50 value was
igher than 100,000 �g L−1 (Table 2). By contrast, the tests applied
o the commercial formulations revealed far higher mortality rates;
C50 values were as low as 8502 and 7934 �g L−1 for REX and RAT,
espectively.

For the 4 experiments, the metamorphosis rate of the con-
rols reached 78.03% (SEM: ±1.50%). By comparison with mortality
ates, the metamorphosis rates of pediveliger larvae showed sim-
lar differences between herbicide substances. Indeed, glyphosate
nd AMPA (Fig. 5A) appeared far less toxic than the two commer-
ial formulations (Fig. 5B and C), and for the former substances,
he wide range tested (up to 100,000 �g L−1) did not allow us
o determine the EC50 values (Table 2). Although no significant
ifferences were found among the different concentrations of
MPA (ANOVA, p = 0.08), the highest concentration of glyphosate

nduced a slight but significant decrease in the metamorphosis
ate to 80.15% (SEM: ±5.50%) (ANOVA, p < 0.001; SNK, p < 0.01).
he exposures to RAT showed a significant decrease of the meta-

orphosis rate with increases in the RAT concentration above

000 �g L−1 (Kruskal & Wallis, p < 0.001) (Fig. 5C). Two  rather
ow concentrations (1 and 10 �g L−1) led to slight decreases in
he metamorphosis rate, which did not differ significantly from

ig. 4. The occurrence of the various types of abnormalities affecting embryo-larval devel
f  4 chemicals: (A) glyphosate; (B) AMPA; (C) Roundup Express® and (D) Roundup Allée
hell  and/or hinge abnormalities; MANT: D-shaped larvae showing a hypertrophied man
nd  mantle; EMB: “old embryo”.
>100,000 >100,000 5215 4150
>100,000 >100,000 6366 6060

the rate recorded at 4000–6800 �g L−1 (group b); however, for
these two  low concentrations, the standard errors were partic-
ularly high. The profile of metamorphosis rates recorded for REX
exposures (Fig. 5B) was similar to that of RAT exposures, and from
5000 �g L−1, the metamorphosis rate significantly decreased with
an increasing concentration of REX (Kruskal & Wallis, p < 0.001).
Finally, for the two  types of Roundup®, the EC50 showed similar
values: 6366 �g L−1 and 6060 �g L−1 for REX and RAT, respectively
(Table 2).

4. Discussion

4.1. Concentrations of chemicals and their dynamics

In the present study, glyphosate-based herbicides were exam-
ined because of their very important use in agricultural and
non-agricultural activities throughout the world (Baylis, 2000;
Woodburn, 2000). Before evaluating the potential effects of these
herbicides on the Pacific oyster, it was  important to assess the con-

taminant’s fate and concentration dynamics in the glass pillboxes
(embryotoxicity) and in the multiwell plates (metamorphosis)
during experiments lasting 48 and 24 h, respectively. In the absence
of larvae, analyses of glyphosate and AMPA showed no significant

opment in C. gigas after 48 h of herbicide exposure in relation to the concentrations
s et Terrasses® . NOR: normal D-shaped larvae; SHEL: D-shaped larvae exhibiting
tle; MASH: D-shaped larvae presenting an abnormality affecting both shell/hinge
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Fig. 5. Net percentages of metamorphosed larvae (NPMe) (±SEM) observed after 24 h of exposure to herbicides at concentrations ranging from 0.1 to 100,000 �g L−1 for
g −1 ® ndup ®
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lyphosate and AMPA (A) or 10,000 �g L for Roundup Express (REX) (B) and Rou
oncentration of 100,000 �g L−1 for REX and RAT, the data are therefore not presente
he  controls belong to group a.

ifferences between the values measured at the beginning and the
nd of the experiments. This result suggested that no hydrolysis
ccurred in our experimental conditions; photolysis could also be
xcluded because the embryos and larvae were incubated in total
arkness. The materials used for the embryotoxicity (glass) and
etamorphosis tests (polystyrene including the treatment Surface
unclonTM �)  also allowed us to avoid a significant adsorption of

ested chemicals onto the experimental surfaces. The embryos and
arvae were thus exposed to constant herbicide concentrations. The
erbicide analyses were also performed to compare the nominal
oncentrations with the true concentrations in our experimental
onditions. At the beginning and end of the experiments, the mea-
ured concentrations were generally higher than the nominal ones,
nd the factor varied according to the concentrations (Table 1). For

lyphosate and AMPA, the differences between the nominal and
easured concentrations were most likely due to experimental

andling and/or changes that occurred during the analyses. For
he commercial formulations, the potential differences due to

able 3
cotoxicological parameters corrected by considering the measured concentrations of he
mbryotoxicity tests and the rates of pediveliger larvae metamorphosis). GLY = glyphosate
t  Terrasses® . ECX = effective concentration (in �g L−1) that induces an effect on X% of the

Endpoints Parameters 

Abnormality rates in D-shaped larvae
EC10

EC50

Metamorphosis rates of pediveliger larvae
EC10

EC50
 Allées et Terrasses (RAT) (C). Since no metamorphosis was observed at the tested
 concentrations that do not share a letter are significantly different; by convention,

handling remains valid, but another source of difference can
also be put forward. Indeed, the commercial formulations were
overdosed: 6.27 g L−1 (instead of 4.40 g L−1) for Roundup Allées et
Terrasses® (RAT) and 9.52 g L−1 (instead of 7.20 g L−1) for Roundup
Express® (REX). Regarding the differences between the nominal
and measured concentrations, the values of EC50 for both endpoints
were re-calculated by considering the measured concentrations
(Table 3). For herbicide concentrations not analysed, theoretical
measured concentrations were calculated from the concentrations
analysed (i.e. 0.1; 1; 100 and 10,000 �g L−1) by fitting polynomial
equations, the fitness of which was  evaluated by the values of R2.
For the embryotoxicity tests, the corrected values of EC50 were
higher: +3.15% for REX, +13.51% for AMPA and +19.67% for RAT,
except for glyphosate (−4.02%). For the metamorphosis tests, the

corrected EC50 values were also higher, especially for RAT (+24.59%)
compared to REX (+9.00%) (Table 3). Nevertheless, the values of
EC50 and corrected EC50 were close for each compound and both
endpoints.

rbicides (instead of the nominal concentrations; for comparison, see Table 2 for the
; AMPA = glyphosate metabolite; REX = Roundup Express® and RAT = Roundup Allées

 population (10 or 50%).

GLY AMPA REX RAT

13,347 11,032 1037 1951
27,175 46,105 1168 2001

>100,000 >100,000 5778 5244
>100,000 >100,000 6940 7550
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.2. Effects of glyphosate-based herbicides on larval
etamorphosis versus embryo-larval development

It has already been reported that early life stages of the orga-
isms are especially sensitive to toxicological injury (e.g., Giesy
nd Graney, 1989; Jha et al., 2000), and the present study sug-
ested that among the youngest stages, the embryos and 48 h
-shaped larvae were more sensitive than 21 days larvae. The

ensitivity of the very early stages can be linked with the very
ssential processes occurring in this period; morphological axes
re being formed, cells are being rearranged, their fate is speci-
ed, and multilayered axes are being formed (Gilbert, 2003). By
omparison, some morphological and anatomical changes occur
uring metamorphosis, but they cannot be considered so impor-
ant. In C. gigas, Baker and Mann (1994) distinguished 2 primary

etamorphosis stages (prodissoconch post-larvae and dissoconch
ost-larvae), where the main changes are the progressive degen-
ration of the velum, the eyespots and then the foot; the gradual
evelopment of the gills; and the growth of the shell beyond the
argin of the prodissoconch. These changes involve the histolysis

f larval tissues, differentiation and proliferation of adult tissues
long with associated biochemical and physiological modifications.
he mechanisms that control these concomitant changes have been
nvestigated by Coon and Bonar (1987) and García-Lavandeira et al.
2005). GABA and epinephrine induced both settlement and meta-

orphosis in 4 different marine bivalves, including the oyster
strea edulis (García-Lavandeira et al., 2005). By studying meta-
orphosis in C. gigas, Coon and Bonar (1987) demonstrated for

he first time the existence of alpha1-adrenoceptors in molluscs
nd suggested 10−4 M epinephrine to promote metamorphosis.
ompared to natural substrates or substrates used in hatcheries,
ultiwell plates did not offer an optimal surface for pediveliger

arvae to metamorphose. We  performed tests without adding
pinephrine, but they did not allow metamorphosis to take its
ourse, whereas tests conducted on the same batch of pediveliger
arvae led to metamorphosis when epinephrine was  added. The
ffect of herbicides on metamorphosis was assessed by comparing
he rates of exposed larvae with those of controls, but an inter-
ction between epinephrine and the tested herbicides cannot be
xcluded. To avoid the addition of epinephrine, it could be inter-
sting in the future to elaborate a protocol that allows both the use
f a more convenient substrate and the possibility of distinguish-
ng metamorphosed larvae from non-metamorphosed individuals.
evertheless, the metamorphosis test, which is quite inexpensive
nd easy to apply, provides interesting and ecologically relevant
esults, and this test can be recommended for ecotoxicological
valuation of contaminants. Quite surprisingly, metamorphosis in
ivalves has been rarely employed as an endpoint in ecotoxicol-
gy in comparison with the use of embryo-larval development. His
t al. (1997) studied the impact of sediment contaminated by PAHs
n the metamorphosis of C. gigas. They concluded that unfiltered
nd filtered elutriates drastically reduced larval metamorphosis
nd showed a dose-response.

.3. Effects of various contaminants on the embryo-larval
evelopment of marine bivalve species

The embryo-larval development of various invertebrates con-
titutes a useful microscopic endpoint in ecotoxicology. However,
n most of the published literature dealing with embryotoxic-
ty, the qualitative nature of abnormalities is not specified, and
he results are expressed only in terms of rates of abnormality.

n the present study, distinctions between the different types of
bnormalities were made, and shell abnormalities appeared to be
ess severe compared with arrested development (occurring ear-
ier) or abnormalities affecting the mantle (Fig. 4). It would be
y 128– 129 (2013) 67– 78 75

interesting to determine whether shell abnormalities (showing dif-
ferent degrees of severity) are viable or lethal by studying the
course of larval development of the affected larvae. The answer will
allow a better standardisation of the results obtained by different
research teams. The impacts of various contaminants on embryo-
larval development have been studied in different bivalve species,
and embryotoxicity is especially well documented in the Pacific
oyster. (e.g. His et al., 1999; Lyons et al., 2002; Cachot et al., 2006;
Wessel et al., 2007; Libralato et al., 2008; Akcha et al., 2012).

When the concentrations inducing embryotoxicity in C. gigas
are compared for different types of chemicals, it appears that
glyphosate-based herbicides are relatively weakly toxic in terms
of their effect on embryo-larval development at a minimum con-
centration of 1000 �g L−1 (for REX). Nice et al. (2000) reported
a delay in the differentiation of D-shaped larvae exposed to
0.1 �g L−1 4-nonylphenol; nevertheless, after 48 h, the number
of D-shaped larvae in the 3 lowest concentrations (0.1, 1 and
10 �g L−1) did not differ significantly from the controls, whereas
less than 10% of the D-shaped larvae were normal at 100 �g L−1.
PAHs are well known for their toxicity, and concentrations as low
as 2.5 �g L−1 (benzo[a]pyrene) and 100 �g L−1 (pyrene) induced
abnormal embryo-larval development (Lyons et al., 2002). Wessel
et al. (2007) observed embryotoxicity of benzo[a]pyrene from the
lowest concentration tested (0.05 �g L−1), and the threshold of 50%
of abnormalities reached at 50 �g L−1; by contrast, ethinylestradiol
(a compound in contraceptive pills) had no effect on larval devel-
opment for the range of tested concentrations (up to 0.425 �g L−1).
Compared to the glyphosate-based herbicides tested in the current
study, metals were revealed to also be more toxic, and the EC50 val-
ues reported by His et al. (1999) for Cl2Hg and CuSO4 were 12.3 and
37 �g L−1, respectively. This toxicity justified the use of CuSO4 as a
positive control. Among pesticides, atrazine and simazine (herbi-
cides that are now banned in several European countries) exerted
no deleterious effect for concentrations ≤1000 �g L−1 (abnormality
rates <5%), a slight effect at 2500 and 5000 �g L−1 (∼15–20%) and
a drastic effect at 10,000 �g L−1 (75%) (Robert et al., 1986). These
authors added that in the field, herbicides may  also play an indirect
role in the development of oyster larvae by curbing the growth of
plankton. Aside from metals, His et al. (1999) tested 3 pesticides,
methiocarb (molluscicide), dinoterb and glyphosate (herbicides),
and they concluded that dinoterb was  the only pesticide that was
toxic in the range of tested concentrations (up to 200 �g L−1), with
an EC50 of 72.2 �g L−1. Endosulfan is an insecticide that was inves-
tigated by Wessel et al. (2007),  who demonstrated an increase in
the number of abnormal D-shaped larvae according to a gradient of
concentrations; this increase became statistically significant at the
highest concentration of 122 �g L−1. With regards to glyphosate,
His et al. (1999) found no embryotoxic effects of this herbicide
(tested up to 200 �g L−1) on the embryo-larval development of
either C. gigas or the sea urchin Paracentrotus lividus.  More recently,
Akcha et al. (2012) tested the potential embryotoxicity of low
concentrations of two herbicides: diuron (banned in France since
December 2008; 0.05–0.5 �g L−1) and glyphosate, plus its com-
mercial formulation, Roundup Express® (REX) (0.5 to 5 �g L−1). In
the narrow and low range of concentrations tested, these authors
demonstrated a significant toxic effect of diuron on embryo-larval
development from 0.05 �g L−1. By contrast, they found no evidence
of embryotoxicity for glyphosate in 2 experiments (correspond-
ing to 2 couples of genitors) and toxicity from a concentration as
low as 2.50 �g L−1 in another experiment, which was  most likely
performed with genitors that were especially sensitive. Indeed,
the controls of this third experiment showed an abnormality rate

that was  too high (∼30%) to validate this experiment according
to the standardised AFNOR procedure. Finally, Akcha et al. (2012)
indicated no embryotoxic effect of REX and found a higher level
of abnormal D-larvae after exposure to glyphosate versus REX. It
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as already been reported that abnormal embryo-larval develop-
ent could be explained by the accumulation of unrepaired DNA

esions. In this context, Wessel et al. (2007) conducted a study
o determine both embryotoxicity and genotoxicity in the same
atch of fecundated embryos exposed to pollutants. These authors
ound a positive and significant correlation between genotoxicity
assessed by the comet assay) and embryotoxicity. In adult oysters
xposed to diuron (0.30 and 3 �g L−1), Bouilly et al. (2007) showed

 significant increase of the aneuploidy level and a transgenera-
ional effect. Exposures of spat and adult oysters to diuron (Bouilly
t al., 2007; Luna-Acosta et al., 2012) or to a mixture of pesticides
ncluding glyphosate (Gagnaire et al., 2007) induced significant
hanges in immunological parameters. Compared to juveniles or
dults, studying the defence mechanisms of very early life stages is
ar more difficult to assess, and this topic is poorly documented
n bivalves. Nevertheless, Thomas-Guyon et al. (2009) indicated
hat pro-phenoloxidase (proPO) activity, which plays an important
unction in non-shelf recognition, was expressed early in C. gigas
from 6 h embryos) and reached a maximum at 21 h. Damiens et al.
2004) investigated the capability to regulate oxidative stress in
-shaped larvae of C. gigas exposed to 2 insecticides: carbofuran

100 and 1000 �g L−1) and malathion (100 and 300 �g L−1). These
uthors concluded that 100 �g L−1 of carbofuran could induce
ncreases in both catalase and glutathione S-transferase (GST) activ-
ties, whereas this increase only concerned catalase activity with
00 �g L−1 malathion. Regardless of the insecticide and the concen-
rations used, the TBARS level (expression of the lipid peroxidation)
id not differ significantly between the control and exposed larvae;
his result suggested that D-shaped larvae have means of regulating
xidative stress.

.4. Sensitivity of various aquatic species to glyphosate and AMPA

Among aquatic organisms, the biological models that have clas-
ically been used to guide European legislations on contaminants
ncluding pesticides are algae (Pseudokirchneriella subcapitata and
avicula pelliculosa in freshwater; Skeletonema costatum in seawa-

er), crustaceans (Daphnia magna in freshwater and Americamysis
ahia in seawater) and fishes (Cyprinus carpio in freshwater and
ncorhynchus mykiss,  which is an amphidromous species) (Agritox,
012; PPDB, 2012). In the present study, no EC50 values could
e calculated for the metamorphosis tests, and no comparisons
ould thus be made with biological models used in regulatory
tudies. By contrast, the EC50 value computed for the embryo-
oxicity tests with exposures to glyphosate (28.315 mg  L−1) was
ower than the values reported for O. mykiss (38 mg  L−1), D. magna
40 mg  L−1), A. bahia (40 mg  L−1), N. pelliculosa (42 mg  L−1) and C.
arpio (115 mg  L−1) (Agritox, 2012; PPDB, 2012). For AMPA, limited
C50 data are available, but it appears that the EC50 value calculated
or embryotoxicity in C. gigas (40.617 mg  L−1) was again lower than
hat indicated for O. mykiss (520 mg  L−1) and D. magna (690 mg  L−1).
lyphosate and AMPA thus appeared to be more toxic to the Pacific
yster compared to the regulatory model organisms. It could there-
ore be suggested that the embryotoxicity test C. gigas could be a
ensitive endpoint for ecotoxicological evaluation. Unfortunately,
o comparisons could be made for REX and RAT because the eco-
oxicological data needed to evaluate the effects of commercial
ormulations on regulatory species are lacking.

.5. Comparison of the effects of glyphosate/AMPA and Roundup®

ormulations
In the present study, both REX and RAT appeared to be far
ore toxic than glyphosate and its metabolite for the two  end-

oints studied. In fact, the EC50 values computed for the embryos
xposed to RAT were 16.93- and 24.29-fold lower by comparison
y 128– 129 (2013) 67– 78

with those calculated for glyphosate and AMPA, respectively. The
corresponding factors for REX compared to glyphosate and AMPA
reached 24.99 and 35.85, respectively. Using 7 test organisms (i.e.
marine bacterium,  2 species each of microalgae, ciliate and plank-
tonic crustacea), Tsui and Chu (2003) highlighted the toxicity of
the main adjuvant in Roundup®, POEA, and ranked the follow-
ing toxicity order: POEA > Roundup® > glyphosate acid > IPA salt of
glyphosate. Except in microalgae, POEA accounted for more than
86% of Roundup®’s toxicity, and the toxicity contribution of POEA
was shown to be species-dependent. Howe et al. (2004) compared
the potential toxicity of glyphosate, POEA and 6 glyphosate-based
commercial formulations to 4 amphibian species (Rana ssp. and
Bufo americanus). The toxicity of commercial formulations varied
with both species and developmental stages, and in Rana clami-
tans, for example, no significant acute toxicity was observed for
glyphosate while POEA was found to be the most toxic. In the black-
worm, Lumbriculus variegatus,  exposure to Roundup Ultra® led to a
significant increase in both soluble glutathione S-transferase (sGST)
and superoxide dismutase (SOD); exposure to glyphosate led to
an elevation of sGST but to a lesser extent (Contardo-Jara et al.,
2009). In melanophores from Xenopus laevis, Hedberg and Wallin
(2010) reported that Roundup® formulations inhibit intracellular
transport through the disassembly of the cytoskeleton, possibly by
interfering with intracellular Ca2+-balance. According to Peixoto
(2005),  glyphosate alone did not impact the bioenergetics of iso-
lated rat liver mitochondria, in contrast to Roundup formulation
products. Pieniążek et al. (2004) concluded that Roundup Ultra®

induced more changes in the function of human erythrocytes than
its active substance, which is most likely a result of the properties
of its additives. In the backdrop of above information, it would be
interesting to test the effect of POEA on the embryo-larval devel-
opment and metamorphosis of C. gigas in future studies.

4.6. Level of contamination of aquatic ecosystems by
glyphosate-based herbicides and perspectives

Some authors have reported relatively high environmental
concentrations of glyphosate, with peaks reaching 137 �g L−1 in
Mediterranean river ecosystems (Puértolas et al., 2010). In hydro-
graphical systems located in Normandy (France), the glyphosate
and AMPA concentrations recorded in 2006 never exceeded
1.43 �g L−1 and 1.19 �g L−1, respectively (Agence de l’Eau Seine
Normandie, personal communication). Glyphosate analyses in sea-
water are especially difficult to achieve because of the presence
of salts, but the limited data available suggest concentrations of
glyphosate of 1.20 �g L−1 in shellfish production areas (Burgeot
et al., 2008). Buisson et al. (2008) demonstrated that pesticides such
as diuron could be found in seawater at low tide with maximum
concentrations of 0.132 �g L−1. The results provided by the current
study showed that calculated EC50 values were much higher than
environmental concentrations. We  chose to test ranges of concen-
trations that could be considered environmentally unrealistic but
that also included potential environmental concentrations (0.1 and
1 �g L−1). Besides the ECX values, it is also interesting to consider
the PNEC (predictive no effect concentration). In the frame of the
European water framework directive, environmental quality stan-
dards (EQSs) are required for substances falling under Annex VIII
like glyphosate (Official Journal of the European Union, 2008). In
2010, the UK Technical Advisory Group proposed PNECs values
calculated for both fresh and saltwater and both long-term and
short-term experiments (Maycock et al., 2012). These values cal-
culated by considering available ecotoxicity data for glyphosate in

saltwater are potentially in the range 33 to 398 �g L−1. These val-
ues are higher (33–398×) than the concentrations usually recorded
in rivers of Normandy; unfortunately, this calculation cannot be
performed for Roundup®, which was revealed to be more toxic.
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dditional long-term exposures (>1 month) of spat to low doses of
esticides are planned that will allow us to study the effects of these
ypes of contaminants in a more realistic way. Finally, this study
ocused only on the effects of individual contaminants (glyphosate
nd AMPA) or commercial formulations (glyphosate and additives),
hereas contamination by pesticides is generally multiple in the

nvironment. Further studies should therefore include mixtures of
esticides which could interact differently to induce the biological
ffects.

. Conclusion

Our study provides the first data for both embryotoxicity and
etamorphosis tests conducted in a marine bivalve. The two

ndpoints studied appeared to be convenient to determine the
otential harmful effects on a non-target species, C. gigas. For exam-
le, the EC50 values computed for the embryotoxicity tests with
lyphosate and AMPA were lower than the values reported for reg-
latory model organisms. In the Pacific oyster, the embryotoxicity
est appeared more sensitive but also a little more difficult to assess
ompared to the metamorphosis assay. In addition to the rates of
mbryo-larval abnormalities, the distinction of the types of abnor-
alities could allow a better standardisation of the method in order

o avoid subjectivity. In terms of methodology, it is also impor-
ant to verify the true concentrations, and to compare them to the
ominal concentrations.

In comparison to the active ingredients, fewer ecotoxicolog-
cal data are generally available about the by-products and the
ommercial formulations. In the current study, this is especially
nfortunate because REX and RAT appeared to be far more toxic
or the two endpoints studied. According to the toxicity classi-
cation for aquatic species (Giesy et al., 2000), glyphosate and
MPA can be considered as “slightly toxic” (embryotoxicity) or
practically nontoxic” (metamorphosis assay) whereas the two
ommercial formulations can be classified among the “moder-
tely toxic” molecules for both endpoints. Further studies including
hronic exposures on spat and adults to definitely conclude on the
oxicity of glyphosate-based herbicides to the Pacific oyster are
equired.
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