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Currently no bioassays are available to assess the embryotoxicity of chemicals with terrestrial soil inver-
tebrates. We therefore presented a new method for embryotoxicity testing with snail eggs: a relevant
biological material that incubates in soil and that can be exposed to contaminants from leachates and soil
solution. The effects of aqueous solutions of two herbicide formulations, Reglone® (active ingredient (a.i.),
diquat) and Roundup® or its a.i., glyphosate, of a surfactant (Agral® 90, a.i., nonylphenol polyethoxylates)
and of cadmium (Cd) were studied. Endpoints were the hatching success and observations of embryo

®

elix aspersa
mbryonic development
ixture toxicity
lyphosate
iquat

abnormalities after exposure. Roundup was found to be more toxic than its a.i. alone (EC50a.i. = 18 mg/l
and about 1300 mg/l, respectively). Reglone® (EC50a.i. = 0.72 mg/l) and Agral® (EC50a.i. ≈ 50 mg/l) were
also tested together, revealing that Reglone® accounted for more than 99% of the mixture’s toxicity. An
antagonistic interaction between the two substances was found. For Cd (EC50 = 3.9 mg/l), a significant
transfer from exposure medium to eggs was emphasized, particularly affecting the albumen. Abnor-
malities of embryogenesis in non-hatched embryos depended on the substance and the concentration

considered.

. Introduction

To assess the hazards involved in the action of chemicals on
oil organisms, several biological methods have been developed
n nematodes, earthworms, collembolans and snails [1]. The tox-
city endpoints of most of the bioassays are survival, growth and
eproduction [2–5]. To our knowledge, no standardized bioassay
pecifically concerns the effects of pollutants on embryonic devel-
pment of any of the terrestrial organisms that make up the soil
auna. Yet, soil is often the first receptor of contaminants and hatch-
ng success is crucial for the stability of populations [6]. Moreover,
n the basis of data on aquatic organisms, the embryos are generally
ound to be more sensitive than adults [7–10].

Thus, our aim was to lay down the bases of a method to assess
he embryotoxicity of chemicals on Helix aspersa. This terrestrial
astropod is already the subject of a standardized test based on the
ffects of pollutants on survival and growth of juveniles [2] and can
e adapted for reproduction [11].
Snails lay their eggs in the topsoil (2–5 cm depth) and can be
xposed to contaminants deposited on the ground and then leached
ownwards. Thus, we chose here to expose eggs to aqueous solu-
ions of contaminants, i.e. in a liquid phase bioassay.
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The toxicity of inorganic (cadmium) and organic (pesticides)
compounds on embryo development and hatching success, of H.
aspersa was assessed. While embryotoxicity data for Roundup®

and Reglone® exist for aquatic organisms [12–14], they are not
available for this life stage in terrestrial invertebrates. Although
glyphosate, which is among the most widely used pesticides in
the world [15], was found to be less toxic alone than its formu-
lation (e.g. Roundup®) [16–19] on different organisms as well as
on human cells, there is no available information on that point
for land snails. Reglone®, which contains the a.i. diquat, is often
used with adjuvants, for instance with nonylphenol polyethoxy-
lates (NPEOs). It was tested alone and in mixtures with Agral® 90, a
commercial formulation of a mixture of NPEOs. Cd was chosen as a
reference substance known for its high embryotoxicity [20,21]. To
document the permeability of egg membranes to metal and internal
concentration–effect relationships, Cd concentrations were mea-
sured in different parts of the exposed eggs. The embryogenesis of
unexposed and exposed embryos was compared.

2. Materials and methods

2.1. Chemicals
Reglone® 2 (200 g/l diquat dibromide; Syngenta Agro S.A.S.,
Velizy-Villacoublay, France), Agral® 90 (945 g/l NPEOs; Syngenta
Agro) and Roundup® Biovert 360 (360 g/l glyphosate; Monsanto
Europe S.A.) were used. Aqueous solutions of Cd and glyphosate

dx.doi.org/10.1016/j.jhazmat.2010.07.099
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:annette.devaufleury@univ-fcomte.fr
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C. Druart et al. / Journal of Hazardous Materials 184 (2010) 26–33 27

Table 1
Range of nominal concentrations used for each contaminant and corresponding pH.

Solution Replicate number Test number Range of concentrations pH

Glyphosate (mg/l)
3 Test 1 225–450–900–1800–3600

2.3 < pH < 3.13 Test 2 225–450–900–1800–3600
4 Test 3 1000–1400–1960–2740–3840

Roundup® (mg/l of glyphosate) 5 Test 1 1.8–9–45–225 4.9 < pH < 6.2

Reglone® (mg/l of diquat) 6 Test 1 0.375–0.75–1.5–3–6 6.4 < pH < 6.6

Agral® (mg/l of NPEOs)
3 Test 1 12.5–25–50–100–200

6.4 < pH < 6.93 Test 2 12.5–25–50–100–200
4 Test 3 39–54.7–76.5–107.1–150–210
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Mixture (mg/l of diquat) a 4 Test 1

Cd (mg/l) 4 Test 1

a Proportion of Reglone® in mixture: 0.68, according to the recommendations of

ere prepared with solid CdCl2 (99.99%, Sigma Chemical Co.,
t. Louis, MO; C-2544) and solid glyphosate (99%, Sigma–Aldrich
himie SARL, Lyon, France, CAS no. 1071-83-6). All dilutions were
repared with demineralised water (pH 6.2), which also served as
ontrol. Concentrations of final tests are presented in Table 1. For
lyphosate and Agral®, the repeatability (test 2 with the same con-
entrations) and reproducibility (test 3 with other concentrations)
ere tested.

.2. Snails and clutches

Adult Helix aspersa aspersa Müller (syn. Cantareus aspersus asper-
us Müller, 1774 or Cornu aspersum) snails (aged between four
onths and one year) came from our standardized laboratory rear-

ng [2]. To isolate the clutches, 125-ml glass pots filled with damp
orticultural compost (SEM NF 44-551, with fertiliser; organic mat-
er: 82%, pH: 6.5) were placed in snail cages the evening. The next

orning, the glass pots were isolated to identify the laying snail and
o be sure that there was only one clutch per glass pot (Fig. 1). The
uration of egg-laying is between 24 and 32 h. After snails have laid
heir eggs, the clutches can be removed from the compost. In each
lutch, eggs were counted (between 70 and 150 per clutch), washed
ith tap water at 20 ◦C to remove soil particles and then deposited

n damp blotting paper in Petri dishes (Sterilin, 90 mm × 14.2 mm,
rystal polystyrene, triple vent) until the experiments.
.3. Exposure device

Rapidly after egg-laying, each clutch was separated into groups
f 8–10 eggs which were placed in Petri dishes (Greiner Bio-one,

Fig. 1. Laying snails in glass pots allowing easy sampling of fresh alive eggs.
0.4–0.6–0.8–1.1–1.5–2.1–3 6.1 < pH < 6.5

2–4–6–8–10 5.8 < pH < 6.3

nta Agro S.A.S.

35 mm × 10 mm, crystal polystyrene, triple vent). Four layers of
paper (Quantitative filter paper grade 40 ashless, Whatman) damp-
ened with 0.8 ml of control or contaminated solutions (Table 1)
were laid on the bottom of the Petri dishes (this volume is enough
to keep with the humidity until hatching). The eggs were incu-
bated in these dishes at 20 ± 2 ◦C, 18 h light per day and humidity
of 80–90% until hatching (about 14 days for controls). For each com-
pound, between 3 and 6 clutches were exposed (Table 1). Twenty
days after the beginning of exposure (to be sure not to omit late
hatchlings), the mean hatching success for each concentration was
calculated. Results were considered valid if the hatching success of
controls was higher than or equal to 70% (average value observed
in our laboratory rearing for controls).

As the range of pH values for the different solutions was high
(Table 1), the sensitivity of egg development to the pH of the
medium was assessed using a range of seven pH values (1, 2, 4, 6, 8,
10, and 12) with 6 replicates each, in demineralised water adjusted
with HCl or NaOH.

2.4. Sample preparation for Cd analyses

Two clutches were divided into two parts each; the first parts
of each clutch (46 eggs, 261.2 mg dry mass, DM and 57 eggs;
301.9 mg of DM) were used as controls and the second parts (50
eggs, 269.3 mg of DM and 62 eggs, 334.9 mg of DM) were exposed
to 4 and 8 mg Cd/l, respectively, for 7 days. After, the eggs were
washed with water and the eggshell separated from the albumen.
After drying in an oven (60 ◦C), samples of eggshell or albumen
were digested in 50% HNO3 (2.5 ml for about 100–150 mg of DM)
for 40 h at 60 ◦C. Then 7 ml ultrapure water were added and Cd con-
centrations were determined using a furnace atomic absorption
spectrophotometer (220Z, Varian, Les Ulis, France). The reliabil-
ity of the analysis was assessed with standard reference material
(TORT-2, lobster hepatopancreas, from NRCC-CNRL, Canada).

2.5. Embryo observation

The main steps of embryogenesis were described in unex-
posed embryos according to Fol’s typology [22]. As the eggs are
opaque, the eggshell must be removed to see the embryo, which is
enclosed in transparent albumen. Embryos were observed with an

inverted microscope (Nikon Eclipse TE300) or a binocular micro-
scope equipped with a camera (Nikon Digital Camera DXM1200).
After exposure to the various chemicals studied, non-hatched eggs
were examined in the same way to determine the stage at which
their embryonic development was interrupted.
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.6. Statistical analyses

The null hypothesis of independence between exposure and
atching success was tested using the Kruskal–Wallis rank test.
hen the null hypothesis was rejected, multiple comparisons were

erformed on ranks using Tukey’s Honestly Significant Difference
est. All statistics were performed with R (2.9.2) (R Development
ore Team, 2004).

The dose-dependent curves and the EC50 values were deter-
ined with Hill’s model using the macro Excel Regtox free version

V6.1.
Mixture toxicity data were analysed with the CA (Concentration

ddition) model which is commonly used to predict the toxicity of
mixture and is the most pessimistic for risk assessment [23,24].

ollowing Loewe’s CA theory [25], the curve of the predicted mix-
ure effect [26] (given by Eq. (1)) of Reglone® and Agral® was built
nd compared to the curve of the observed mixture effect.

Cxmix =
(

n∑
i=1

pi

ECxi

)−1

(1)

here ECxmix is the predicted effect for the mixture for a given
oncentration, Pi, the proportion of component i in the mixture and
Cxi, the calculated concentration effect of individual component
(for Agral®, results of the test 1 + 2 + 3 were used, see Table 2).
o calculate the relative contribution (RC) of each compound in
he mixture [24], toxic units (TUs), defined as the quotient Ci/ECxi,
here Ci is the concentration of component i in the mixture, were
sed. For instance for the effect of a 50% mixture:

RCReglone = TU50Reglone

(TU50Reglone + TU50Agral)
× 100

RCAgral = TU50Agral

(TU50Reglone + TU50Agral)
× 100.

(2)

. Results

.1. Hatching success

The influence of pH on hatching success was not significant
xcept for the extreme values, 1 and 12, for which the percent-
ge of hatching was 0% (Fig. 2), with the eggs becoming reddish

rown. As pH values of tested solutions were in the range 2.3–6.9
Table 1), it is likely that the effects observed on eggs are more due
o the chemicals than to low pH.

The toxicity of chemicals decreased in the following order:
eglone® (most toxic) > Cd > Roundup® > Agral® > glyphosate

able 2
oxicity (EC10 and EC50) of the different contaminants on the hatching success of snail e

Contaminant Test NOEC

Glyphosate (mg/l)

Test 1 1800
Test 2 1400
Test 3 1800
Test 1 + 2 + 3a 1000

Roundup® (mg/l of glyphosate) Test 1 45

Reglone® alone (mg/l of diquat) Test 1 0.375

Agral® alone (mg/l of NPEOs)

Test 1 50
Test 2 54.7
Test 3 200
Test 1 + 2 + 3a 54.7

Mixture (mg/l of diquat) Test 1 1.5

Cd (mg/l) Test 1 2

a Tests 1 + 2 + 3 were run with all exposure concentrations of each test and all replicate
Fig. 2. Hatching success of snail eggs exposed to increasing pH. Significant differ-
ences (p < 0.001) are indicated by ***.

(Table 2 and Fig. 3). Hatching was completely inhibited by Cd
from 8 mg/l (Fig. 3a). Roundup®, at the same concentration as
glyphosate, was almost 100-fold more toxic than glyphosate alone
(Table 2). Indeed, Fig. 3b shows that, from 225 mg glyphosate/l
in Roundup®, hatching success was totally inhibited whereas, for
glyphosate alone at the same concentration, hatching success was
equivalent to that of the controls.

Reglone® was about 100-fold more toxic than Agral® with a
noteworthy variability between the three tests of Agral® (Table 2
and Fig. 3d). Fig. 4 compares the calculated and predicted toxicity
of the mixture Reglone®–Agral® determined at concentrations rec-
ommended for agricultural use. A significant difference between
the two curves (no overlapping of 95% confidence interval for
the respective EC50 values) indicates an antagonistic interaction
between the two products with a higher contribution of Reglone®

(99.45%) in the mixture.

3.2. Transfer of Cd
Table 3 presents the transfer of Cd from exposure medium to
eggs which increased with the Cd concentrations. Albumen con-
tained more Cd than eggshell in terms of dry mass for the two

mbryos and recommended concentrations for agricultural use.

EC10 (CI 95%) EC50 (CI 95%) Agricultural
recommended
concentrations

1262 (830–1822) 1840 (1210–2140)

3600
732 (438–1387) 1190 (910–1530)
1451 (912–1500) 1580 (1020–1640)
854 (685–1348) 1324 (1087–1574)

1 (0.02–31) 18 (2.8–66) 3600

0.51 (0.30–0.68) 0.72 (0.60–0.79) 2000

55.7 (31.9–84) 85.6 (68.1–97.3)

945
22.3 (11.3–52.6) 46.45 (33.53–68.57)
23.3 (8.4–37.9) 26.34 (17.80–39.22)
22.2 (12.4–43.5) 47.63 (36.34–59.52)

0.93 (0.62–1.38) 1.31 (1.10–1.51) 2000

2.62 (1.90–3.72) 3.94 (3.43–4.38)

s summed.
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Fig. 3. Concentration–response curves obtained by Hill’s model after 14 days of exposure of Helix aspersa eggs to Cd (a), glyphosate (test 1 + 2 + 3, solid line; (b) and Roundup®

(dotted line; (b), Reglone® (c) and Agral® (test 1: dashed line; test 2: dotted line and test 3: solid line; (d). Plots represent the mean (with 95% confidence interval).

Table 3
Transfer of Cd from exposure media to eggshell and albumen.

Nominal exposure concentrations (mg Cd/l) Measured exposure concentrations (mg Cd/l) [Eggshell (�g/g)] [Albumen (�g/g)]

Fresh mass Dry mass Fresh mass Dry mass

0 – 0.006 0.020 0.001 0.008
4 3.9
8 8.2

Fig. 4. Concentration–response curve obtained by Hill’s model after 14 days of expo-
sure of Helix aspersa eggs to mixture Reglone®–Agral® (solid line) compared with
the predicted concentration–response of the mixture determined by the CA model
(dashed line). Concentration is estimated in diquat. Plots represent the mean (with
95% confidence interval).
2.52 7.5 2.66 22.1
6.79 29.1 5.97 39.6

concentrations of exposure, showing Cd was able to cross the
eggshell.

3.3. Normal and disrupted embryogenesis

The main stages of embryogenesis are shown in Fig. 5. Embryos
exposed to glyphosate were blocked late in their development,
in a larval stage corresponding to 12 day’s development in con-
trols (Fig. 5F). Embryos exposed to Reglone® at 0.75 and 1.5 mg
diquat/l were blocked either at the morula stage or at a larval
stage (Fig. 6A): the eyes were present but not the tentacles. When
embryos were exposed to higher concentrations, they were blocked
earlier in their development, corresponding to a one-cell stage
or morula in controls (Fig. 5A and 5C). All non-hatched embryos
exposed to Agral® stopped developing at early stages of embryo-
genesis corresponding to 3–4 days after fertilization for controls
(Fig. 5C and 5D). The development of embryos exposed to Cd

was stopped at different stages depending on the concentration
of exposure. We also observed variations for eggs exposed to the
same concentration. For instance, at 4 mg Cd/l, some embryos were
blocked at the gastrula stage (Fig. 6B) whereas others continued
their development until metamorphosis (Fig. 6C). These embryos
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Fig. 5. Embryos of non-exposed Helix aspersa eggs at the one-cell stage (A, 0–3 h after fertilization), 8 cells (B, 8–12 h after fertilization), morula (C, 2–3 days after fertilization),
gastrula (D, 4 days after fertilization) and larvae (E, 7 days and F, 12 days after fertilization). Legend: a: anus; as: anterior sac; bc: blastocoel; bp: blastopore; e: eye-spot of
the anterior tentacles; f: foot; m: mouth; me: mantle edge; ps: pedal sinus; sh: shell.
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ere still alive, but did not hatch at the end of the metamorphosis
eriod; their eggshell remained white and thick instead of becom-

ng thin and transparent to allow the snail to hatch. Malformations
ere observed, e.g. at 6 mg Cd/l (Fig. 6D): the cephalic region was
ot individualized and the eye-spots were not visible. An abnor-

al vesicle was visible and the pedal sinus was still present due

o a late invagination whereas, for controls at 12 days, it was
trongly reduced (Fig. 5F). At 8 and 10 mg Cd/l, stages ranged from
ne cell to larvae but they were small and malformed and never
atched.
4. Discussion

4.1. Herbicide and mixture toxicity

Diquat and glyphosate and their formulations or their associated

adjuvants were toxic to snail embryos at lower concentrations than
the recommended application concentrations for agriculture.

In comparison with aquatic organisms, which are exposed by
complete immersion in contaminated solutions, snail embryos are
relatively sensitive. For instance, LC50a.i. values for frog embryos
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ig. 6. Non-hatched embryos of eggs after 14 days exposure to Reglone® (A, 1.5 m
oot; me: mantle edge; ps: pedal sinus; sh: shell.

12] or juvenile silver catfish [27] were respectively 9.3 mg/l and
.3 mg/l Roundup® whereas in this study, the EC50a.i. was 18 mg/l.
or the Reglone®, diquat disturbed the growth of Lymnaea stagnalis
14] (from 0.22 mg/l) whereas we found an EC50-hatchability of H.
spersa of 0.72 mg/l. Glyphosate has been shown to be toxic to ani-
als, e.g. by causing oxidative stress and increasing the activity of

n antioxidant enzyme, superoxide dismutase, as demonstrated in
he aquatic worm, Lumbricus variegatus [28] and it has been proved
hat Roundup can affect acetylcholinesterase activity in fish [29,30].

At equal concentrations of glyphosate, Roundup® was more
oxic than glyphosate alone. Two mechanisms could be evoked:

higher toxicity of glyphosate in the Roundup® due to poten-
ialisation of its effects by adjuvants and/or the toxicity of the
djuvants. A study on an aquatic oligochaete showed that it accu-
ulated more glyphosate when it was exposed to Roundup®

ltra than to glyphosate alone [28]. The authors hypothesized
hat the surfactant polyoxyethylene amine (POEA, also called

ON 818 [13,31]) contained in Roundup®, improved the trans-
er of glyphosate, by interacting with the plasma membrane.
nother hypothesis is that the POEA is in fact the compound
ainly responsible for the toxicity of Roundup® [32,33] and

ould even be more toxic than the Roundup® itself [12,13,17,31].
sui and Chu [16] also determined that POEA accounted for
ore than 86% of Roundup® toxicity for bacteria, protozoa and
rustaceans. So, in contrast with a study which reported no dif-
erence of toxicity between glyphosate and Roundup® on several
tages of a nematomorph worm [34], the present data confirm,
n snail embryos, the higher toxicity of Roundup® compared to
ts a.i.
l) and Cd (B and C, 4 mg/l; D, 6 mg/l). Legend: av: abnormal vesicle; e: eye-spot; f:

The results for the mixture Reglone®/Agral®, revealed an
antagonistic effect between the two products on the embryonic
development of the snail with a major contribution of Reglone®

(99.45%). This is in agreement with Coutellec et al. [14] who found
that Reglone® had an effect on the embryogenesis of L. stagnalis but
this effect was decreased in the mixture Reglone®–Agral®, suggest-
ing an antagonistic interaction.

Whatever the mixture considered (Roundup® with its inte-
grated adjuvant or Reglone® with a recommended adjuvant such as
Agral®), it appears necessary to assess the risk of the final product
(which will be applied to crops) and not only of the active ingredi-
ent individually. More data on the ecotoxicity are also needed for
adjuvant, for which ecotoxicological information is scarce or absent
from databases.

4.2. Effect of Cd and transfer to eggs

Our study showed that Cd was toxic to terrestrial snail eggs.
Toxicity is lower than for aquatic snails: for example no hatching
were observed at 0.02 mg/l for Stagnicola elodes [35], 0.1 mg/l for
Biomphalaria glabrata [36] and 0.4 mg/l for L. stagnalis [7] versus
8 mg/l for H. aspersa, but is higher than for zebrafish embryos where
the 48h-LC50 is 30.1 mg/l [21] versus 3.94 mg/l for H. aspersa. After
7 days of exposure at the concentration that caused 50% embryo

mortality, Cd in the albumen reached 2.66 �g/g fresh mass. Bras-
field et al. [20] also showed strong uptake of Cd by lizard embryos.
Our results indicate that uptake increased with exposure concen-
trations, as also observed for zebrafish eggs by Burnison et al. [37].
Dry mass concentrations were higher in the albumen than in the
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ggshell whereas, for zebrafish eggs, concentrations were higher in
he chorion [37], that is the external membrane of eggs. This dif-
erence of permeability and adsorption capacities of these external

embranes (eggshell and chorion) may be the result of different
omposition and structure between snail and zebrafish and also of
he exposure route to contaminants in their environment.

.3. Disruption of embryogenesis

The effects of Agral may be attributed to nonylphenol (NP) which
s its main component (according to its Material Security Data
heet). NP was plainly recognized as an endocrine disrupter and
articularly for estrogenic effects [38]. Several studies found that
P has an effect on embryogenesis of aquatic organisms, like the
icrocrustacean Daphnia magna, where development of embryos

topped at a high exposure concentration (EC50 = 738 �g/l, [39]).
oncerning studies on aquatic snails, Oliveira-Filho et al. [40]

ound a LC50 for Biomphalaria tenagophila embryos between 29.25
nd 640.25 mg/l following exposure duration and Lalah et al. [41]
howed that the branched NP isomer (4(3′,6′-dimethyl-3′-heptyl)-
henol at an average concentration of 0.105 mg/l) slowed the
mbryonic growth and reduce hatching success of L. Stagnalis;
oth authors suspected that this low observed effect on embryos

s probably due to a reduced penetration of NP in the length-
ise encapsulating jelly strand that surrounds the eggs [40,41]. NP

lso induces concentration-dependent malformations of sea urchin
mbryos [42] and these authors find, as we do, that embryos are
locked at early stage.

Effects of glyphosate appeared later in the embryonic develop-
ent just before hatching. Disturbance of hatching in relation with
hatching enzyme has been evidenced in urchin embryos [17]:

oundup® inhibited the global transcription of DNA after fertil-
zation at the 16-cell stage, including transcription of the hatching
nzyme which is normally secreted at blastula stage and allows the
mbryo to hatch by digesting its fertilization envelope.

The time of appearance of the effects of diquat on embryos
s concentration-dependent. Indeed, the higher the concentration,
he earlier the development of the embryo is blocked.

Cd effect also is concentration-dependent. Several authors
emonstrated a similar effect for aquatic mollusc embryos [7,35].
ut we also observed that the stage of blocking also varied for a
iven concentration. Other authors have shown that the effect of
d is “stage-dependent”, suggesting that the earlier the embryos
re exposed, the greater the effect [17,43]. As embryos of a single
lutch were not at exactly the same stage when the exposure to a
hemical started (due to the duration of egg-laying which varied
rom 24 to 32 h), this could explain the variations in the effects of
xposure to a given concentration.

Cd can interact with calcium (Ca) by competition for uptake sites
44]. Ca is forwarded from adults to eggs in the eggshell and is
hen used to build the shell of the juvenile snails [45]. Thus, due to
ossible competition with Cd, Ca metabolism in the embryos could
e affected, making the eggshell remain thick, preventing the snail
rom hatching.

.4. Utility and limits of an embryotoxicity bioassay with snail
ggs

The bioassay we presented here to study the embryotoxicity
f various chemicals on snail eggs proved to be relevant for some
esticides and a metal, and is easy to perform with simple and cost

ffective equipment. The biological material can easily be obtained,
nd, as one clutch contains from 70 to 150 eggs, the quantities
vailable for testing do not constitute a restraint.

One limitation of this test, which also exists with most bioas-
ays, involves the toxicity parameters themselves. NOEC and EC50

[

[

s Materials 184 (2010) 26–33

values are determined using different statistical methods, which
explain that, for several of our tests, NOEC was higher than EC50.
The concept of NOEC has often been criticized because the value
depends strongly on the dataset and the chosen concentrations
[46,47]. However, as this parameter still serves as a reference for
risk assessment, we chose to use both NOEC and EC50 values. This
limitation also depends on the variability of the response, which
could be high (e.g. for NPEO, Fig. 3d), due to the stage of devel-
opment of the eggs at the beginning of exposure, as discussed
previously for Cd (see Section 4.3).

Embryotoxicity bioassays proved the advantage of this early
stage of the life cycle, as shown with urchins [48] or oyster embryos
[8]. Indeed, it is generally recognised that early stages of fish, and
notably zebrafish, offer practicable and highly sensitive bioassays
[9,49,50]. Only a study on a freshwater snail (B. tenagophila) found
that embryos are less sensitive than juveniles or adults [40]. How-
ever, all these examples concern the aquatic environment because
terrestrial bioassays with soil invertebrates are rare: we found only
one experiment on a pest slug, reporting the high sensitivity of the
embryos to metal salts [51]. Methods on this part of the life cycle
would complete existing bioassays for the assessment of chemi-
cals on snail survival, growth and reproduction [2,11,52] and, more
generally, terrestrial bioassays used for risk assessment, such as
tests on nematodes [5], earthworms [53], honeybee larvae [54,55]
or birds [56].

Until they become free-feeding larvae, embryos are considered
like in vitro systems [57]. Thus, a land snail embryotoxicity bioas-
say could be considered as an in vitro test which therefore responds
to current expectations, notably to alternative testing methods
[58]. The present results and methodology enlarge the relatively
restricted panel of available tests for assessing the embryotoxicity
of chemicals towards terrestrial invertebrates.
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