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Abstract

Widely spread chemicals used for human benefits may exert adverse effects on health or the environment, the identification of which are a

major challenge. The early development of the sea urchin constitutes an appropriate model for the identification of undesirable cellular and

molecular targets of pollutants. The widespread glyphosate-based pesticide affected sea urchin development by impeding the hatching

process at millimolar range concentration of glyphosate. Glyphosate, the active herbicide ingredient of Roundup, by itself delayed hatching

as judged from the comparable effect of different commercial glyphosate-based pesticides and from the effect of pure glyphosate addition to a

threshold concentration of Roundup. The surfactant polyoxyethylene amine (POEA), the major component of commercial Roundup, was

found to be highly toxic to the embryos when tested alone and therefore could contribute to the inhibition of hatching. Hatching, a landmark

of early development, is a transcription-dependent process. Correlatively, the herbicide inhibited the global transcription, which follows

fertilization at the 16-cell stage. Transcription inhibition was dose-dependent in the millimolar glyphosate range concentration. A 1257-bp

fragment of the hatching enzyme transcript from Sphaerechinus granularis was cloned and sequenced; its transcription was delayed by 2 h in

the pesticide-treated embryos. Because transcription is a fundamental basic biological process, the pesticide may be of health concern by

inhalation near herbicide spraying at a concentration 25 times the adverse transcription concentration in the sprayed microdroplets.

D 2004 Elsevier Inc. All rights reserved.

Keywords: Transcription; Glyphosate-based pesticide; Roundup; Hatching; Sea urchin early development
Introduction

The usage of pesticides in agriculture, industry, and

domestic applications results in increasing exposure of these

chemicals to the population (Maroni et al., 2000) and makes

a major challenge for the evaluation of human health risk

associated to chronic exposure to products (Barr et al., 1999;

Maroni et al., 2000). The adverse effects of chemicals and

pollutants are permanently reevaluated using accurate

molecular or cellular approaches thus taking advantage of
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the universality of cellular processes among all living beings

(Alberts, 2002; Berg et al., 2002).

Among the most widespread pesticides, glyphosate is

the active herbicide component of Roundup, a commer-

cialized form of glyphosate-based pesticides (Malik et al.,

1989). Glyphosate alone or with its formulation products

such as surfactants and permeabilizing agents is usually

considered to be harmless under both normal usage and

chronic exposure (Williams et al., 2000). However, with the

development of more accurate screenings, the toxic effect

of Roundup has been demonstrated not only in fish

(Jiraungkoorskul et al., 2003) but also in other taxonomic

groups (Tsui and Chu, 2003). Using an acute biological

test, Roundup was shown to induce cell cycle dysfunction

linked to the universal cell cycle regulator (Marc et al.,

2002, 2003, 2004), suggesting a long-term risk for humans

since cancer may originate several years or decades after
macology 203 (2005) 1–8



J. Marc et al. / Toxicology and Applied Pharmacology 203 (2005) 1–82
the initial stress affecting cell cycle checkpoints (Molinari,

2000; Stewart et al., 2003).

The sea urchin embryo has been widely described both

at the cellular and molecular levels, and many aspects of

the expression of its genome are well known (Davidson,

1986; Gilbert, 2003). The sea urchin’s early development

has proven to be a powerful model in evaluating the

adverse effects of chemicals (Amouroux et al., 1999; Marc

et al., 2002; Pagano et al., 2001; Pesando et al., 2003)

including adverse effect of glyphosate-based pesticides on

the cell cycle (Marc et al., 2002, 2003 2004). The initial

phase of development involves rapid cell cycles, which do

not require new zygotic transcription. From the fifth cell

cycle onward, divisions become asynchronous and require

new transcription for the division of the smallest cells

called micromeres (Yasuda and Schubiger, 1992). The

hatching enzyme mRNA is one of the few early blastula

transcripts, synthesized from zygotic genes (Ghiglione et

al., 1994; Lepage and Gache, 1990; Lepage et al., 1992).

Hatching, a landmark of early development (Gilbert,

2003), is the process by which embryos are liberated from

their protective fertilization envelope allowing the young

blastula to swim freely. The envelope is digested by a

specific protease, the hatching enzyme secreted by the

embryo at the young blastula stage (Lepage and Gache,

1989, 1990). Transcription of the hatching enzyme was

shown to be transient between the 8-cell stage and the

young blastula stage in Paracentrotus lividus (Lepage and

Gache, 1990) and spatially restricted in the embryo

(Ghiglione et al., 1996). Actinomycin D is a DNA-binding

drug, which prevents transcription of RNAs (Goldberg et

al., 1962); it is known for long that actinomycin D blocks

transcription in sea urchin early development without

affecting the fertilization mechanisms or the first cell

cycles of the rapid cleavage stage (Gross and Cousineau,

1964).

Using sea urchin early development as a model, we show

that the pesticide Roundup is toxic on transcription, a

fundamental basic biological process.
Methods

Chemicals. [5-3H]Uridine (25–30 Ci/mmol) was purchased
from Amersham (France) and glyphosate-based pesticides

obtained from commercial sources. Cargly (360 g/l

glyphosate) was from Cardel, Cosmic (360 g/l glyphosate)

from Calliope, Roundup 3plus (170 g/l glyphosate) and

Roundup Biovert (360 g/l glyphosate) from Monsanto.

The surfactant polyoxyethylene amine (POEA) (785 g/l)

was the Genamin compound from Monsanto. Unless

otherwise indicated, the experiments were performed using

the pesticide Roundup 3plus containing isopropylamine

glyphosate salt. The DNA dye bisbenzimide and the

transcriptional inhibitor actinomycin D were obtained from

Sigma.
Handling of eggs and embryos. Specimens of the sea urchin

Sphaerechinus granularis were collected in the Brest area

(France), kept in seawater, and used within 5 days.

Spawning of gametes was induced by intracoelomic

injection of 0.1 M acetylcholine. Eggs were collected in

0.22-Am-Millipore-filtered seawater and rinsed twice by

centrifugation at 2000 rpm for 2 min. For fertilization, eggs

were suspended in Millipore-filtered seawater (5% suspen-

sion) containing 0.1% glycine. Dilute sperm was added to

the eggs and withdrawn after the fertilization membrane

elevation. Experiments were only performed on batches

exhibiting greater than 90% fertilization success and each

experiment used gametes from a single female.

Pesticide and drugs were dissolved in seawater, adjusted

to pH 7.5, and added to the embryos suspended in

Millipore-filtered seawater at the indicated times after

fertilization. Thousands of embryos were incubated for

each experimental determination from which around 100

were scored for the developmental stage. For reversibility

experiments, embryos were rinsed by centrifugation at 2000

rpm for 2 min and suspended in a 5% Millipore-filtered

seawater suspension. Control embryos were processed in

parallel.

Embryos were cultured at 16 8C with constant stirring

and observed by phase contrast microscopy for develop-

mental progression at specific time intervals. Hatching was

scored by counting the percentage of swimming blastula

embryos under phase contrast microscopy.

At various times after fertilization, 0.2-ml aliquots of the

egg suspension were fixed for at least 2 h in 0.5 ml

methanol/glycerol (3:1) in the presence of the DNA dye

bisbenzimide (0.1 Ag/ml) and mounted in 50% glycerol. The

number of divisions was evaluated by counting the number

of nuclei per embryo under fluorescence microscopy after

DNA staining.

Determination of RNA synthesis in vivo. At the indicated

time after fertilization, [5-3H]uridine (3 ACi/ml final

concentration) was added to the embryo suspension. At

different times after uridine addition, 1-ml duplicate samples

of the embryo suspension were rapidly packed by centrifu-

gation for 5 s at full speed in an Eppendorf centrifuge and

rinsed twice in 1 ml Millipore-filtered seawater. The

embryos were then homogenized in 1.5 ml 5% trichloro-

acetic acid (TCA) for RNA precipitation. The [5-3H]uridine

total incorporation into the embryos was measured from 10-

Al aliquots in the presence of Optiphase Supermix scintilla-

tion liquid in a 1450 Wallac MicroBeta-Counter (Wallac,

EG&G Instruments). The TCA pellets were collected by

centrifugation at 14000 rpm for 1 min, washed three times

in 5% TCA at 4 8C, and dissolved in 500 Al KOH 0.3 N for

18 h at 37 8C. The amount of [5-3H]uridine incorporated

into RNA was measured from 300-Al aliquots of the

hydrolysates. The results correspond to the average of the

duplicate samples expressed as the percentage of total

radioactivity.



J. Marc et al. / Toxicology and Applied Pharmacology 203 (2005) 1–8 3
RNA preparation and RT-PCR. Total RNAs were processed

using standard procedure (Chomczynski and Sacchi, 1987).

Embryos were pelleted from a 1 ml 5% embryo suspension,

and lysed in 500 Al of solution D (4 M guanidium

thiocyanate; 25 mM sodium citrate pH 7.0; 0.5% N-

lauroylsarcosine, and 0.1 mM 2-h-mercaptoethanol). After

addition of 30 Al of sodium acetate 3 M pH 5.2, RNAs were

extracted with 1 volume of phenol/chloroform 1:1, precipi-

tated by 1 volume of isopropanol, and resuspended in 500 Al
of solution D. After a second isopropanol precipitation,

RNA pellets were washed with 70% ethanol, resuspended in

RNAse-free water and stocked at �80 8C until use.

For RT-PCR, 500 ng of RNAs were hybridized with

oligo(dT) or random nonamere primer (Sigma) for 5 min at

65 8C and reverse-transcribed for 50 min at 37 8C with

Superscript Reverse Transcriptase (Invitrogen). PCR was

undertaken using specific primers at the following con-

ditions: 94 8C for 5 min (94 8C for 45 s; 48 8C for 1 min;

and 72 8C for 1.5 min) 30 cycles; 72 8C for 10 min with taq

DNA polymerase (Sigma), in a GeneAmp 2700 (Applied

Biosystems). PCR fragments were analyzed on 1% agarose/

TBE gels.

Cloning of S. granularis hatching enzyme. RT-PCR was

performed using total RNA prepared from early blastula

embryos and the primers used were designed from the sea

urchin Hemicentrotus pulcherrimus hatching enzyme cod-

ing region: 5V-GCAAACATCAACTACACATCCGCCAT-
3Vforward and 5V-CATTTTTACAGAGATGGTCGTTA-
3Vreverse. The expected PCR fragment of 1250 bp was

excised from the agarose gel, purified with GenElutek
Agarose spin Column (Sigma) and cloned into the pCR 2.1-

TOPO vector with the TOPO TA cloning Kit (Invitrogen).

Nucleotide sequences were determined by double-stranded

sequencing according to the dideoxynucleotide chain-

termination method, using M13 reverse and T7 primers.

Hatching enzyme expression. Total RNA was prepared from

embryos collected every 2 h after fertilization. The

expression of the hatching enzyme was analyzed by RT-

PCR using the following primers matching the cloned

sequence: 5V-GGAATACCAACACAATGCTGGTA-

3Vforward and 5V-AAGCAGTGATGCCCGTCGACG-

3Vreverse. PCR fragments were visualized by UV absorp-

tion after bromoethidium staining of 1% agarose gel and

quantified by NIH Image software (written by W. Rasband

at the US National Institutes of Health) using a MacIntosh

power PC G3 computer (Apple).
Fig. 1. Effect of glyphosate-based pesticide Roundup on hatching kinetics.

Sea urchin eggs were fertilized and the embryos transferred at the indicated

times post fertilization (R and arrow) into fresh seawater (Control, lane 1) or

into seawater containing Roundup to yield 4 mM glyphosate equivalent

(lanes 2 to 7). In lanes 6 and 7, embryos were collected by centrifugation and

transferred into fresh seawater for Roundup removal (wash and arrow).

Hatching was represented by a shadowed triangle from 0 to 100% swimming

embryos. The graphic was obtained from the eggs isolated from a single

female and was representative of six independent experiments.
Results

Roundup impedes hatching of sea urchin embryos

While analyzing cell cycle effects of glyphosate-based

pesticides using the sea urchin’s early development (Marc et
al., 2002, 2003 2004), an effect of Roundup was observed at

the blastula stage of development as evidenced by an

inhibitory effect on hatching. The timing of hatching of the

control embryos showed biological disparities among

experiments performed all over the year with different

animals. Among the different independent experiments, the

control embryos reached the blastula stage 8 to 14 h after

fertilization, then rotated on themselves and progressively

hatched from their fertilization envelopes over a 5–9 h

period. Phase contrast microscopy showed that hatching was

complete for all embryos, 18–24 h after fertilization with

almost 100% embryos swimming around. Roundup-treated

embryos started rotating on themselves later than the control

embryos and remained inside the fertilization envelope for

several hours and showed no sign of movement under the

microscope. Fig. 1 illustrates the result of a typical experi-

ment obtained using a concentration of pesticide containing

4 mM glyphosate. When Roundup was applied 10 min after

fertilization, hatching was delayed by 2.5 h, and occurred

over a 7.5-h period compared to 5.5 h in the control

embryos (Fig. 1, lanes 1 and 2). When Roundup was applied

at the 16-cell stage or at the morula stage, the same delay in

hatching was observed (Fig. 1, lanes 3 and 4). Conversely, a

slight effect was observed when Roundup was applied 12 h

after fertilization (Fig. 1, lane 5). Taken together, these

results indicate no lethal effect of Roundup when applied for

up to 25 h exposure, suggesting the existence of a target for

the inhibition of hatching by Roundup around the period of

the morula–blastula transition. The effect of Roundup

persisted when Roundup was transitorily applied at the

morula–blastula transition and removed at 12 h (Fig. 1,

compare lane 7 with lane 4) whereas hatching inhibition did

not occur when Roundup was applied transitorily from 10
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min after fertilization up to the morula–blastula transition

(Fig. 1, compare lane 6 with lane 2). Although the inherent

biological variability, among more than 30 experiments, a

significant delay in hatching and an increase in the time for

all embryos to hatch was invariably observed in Roundup-

treated embryos compared to the controls.

Experiments were conducted in conditions minimizing

cell cycle inhibition because Roundup was reported to affect

the first cell cycle of the sea urchin’s development (Marc et

al., 2002, 2003), and could have impeded hatching as a

result of cell cycle inhibition. Therefore, when the pesticide

was added at different concentrations after the early four to

six cycles (morula stage) had normally occurred, hatching

was impeded in a dose-dependent manner (Fig. 2A). The

delay in hatching reached 8–10 h when Roundup was

applied at 2 mM glyphosate at the morula stage. At a

concentration of 4 and 6 mM glyphosate, hatching was

delayed for more than 10 h. However, in the same

conditions, cell division was only moderately affected by

Roundup, whatever the pesticide concentration (Fig. 2,

upper panels). Therefore, the effect of Roundup on hatching

was not a direct consequence of effect of the pesticide on the

cell cycle.

The reversibility of Roundup inhibition of hatching was

observed under all experimental conditions. Embryos

incubated in as much as 8 mM glyphosate-containing

Roundup from morula stage for up to 24 h, experienced

full hatching inhibition 24 h after fertilization while 100% of

the control foster embryos were freely swimming. After

removal of Roundup from the incubation medium, 100% of

the embryos recovered hatching after an additional 24-h

period.
Fig. 2. Dose–response effects of Roundup and actinomycin D on hatching kinetic

were fertilized and the embryos transferred at various indicated drug concent

actinomycin D (lower panels) or at the morula stage into seawater containing Roun

The graphics were obtained from the eggs isolated from a single female and was
The respective contributions of glyphosate, the active

herbicide ingredient, and the formulation chemicals present

in commercial products were evaluated. Pure glyphosate up

to a concentration of 8 mM had weak effect on hatching

compared to the control (Table 1), which is in accordance

with previous results related to the embryo’s impermeability

to the pure chemical (Marc et al., 2002). Therefore, the

glyphosate effect requires the presence of permeabilizing

agents and surfactants to gain access to its intracellular

targets, as reported for its herbicide usage (Williams et al.,

2000) and for cell cycle deregulation (Marc et al., 2002,

2004). Unfortunately, the contribution of glyphosate to

hatching inhibition could not be tested directly because of

the unavailability of Roundup devoid of the unique active

glyphosate ingredient. The surfactant polyoxyethylene

amine (POEA) is the major available component of

Roundup and its effect on embryos was analyzed at different

concentrations ranging from 0.3 to 900 mg/l. From 30 mg/l,

POEA was highly toxic to the embryos leading to

irreversible damage and lethality. Surprisingly, irreversible

damage to the embryos occurred even for a concentration 10

times lower than that present in 0.2% Roundup (containing

2 mM glyphosate), the threshold hatching inhibitory

effective dose. The higher toxicity for POAE alone than

when present in Roundup suggests that the Roundup

formulation mixture protected the cells from the intrinsic

toxicity of polyoxyethylene amine.

Thus, the contribution of glyphosate to the inhibition of

hatching was investigated using two complementary

approaches. First, the contribution of glyphosate was tested

by analyzing the effect of four commercial glyphosate-based

pesticides unlikely to contain the same mixture of for-
s and of cellular divisions of sea urchin early development. Sea urchin eggs

rations either at 10 min following fertilization into seawater containing

dup (upper panels). (A) Hatching kinetics. (B) Kinetic of cellular divisions.

representative of three independent experiments.



Table 1

Contribution of glyphosate to the Roundup effect on hatching of sea urchin

embryos

Experimental condition Delay in hatching

(min)

Control 0

8 mM Glyphosate 33 F 6

0.2% Roundup 128 F 30

0.2% Roundup supplemented

with 8 mM glyphosate

205 F 30

Note. Sea urchin embryos were transferred at the morula stage into seawater

containing the indicated ingredients. The threshold 0.2% dose of Roundup

contains 2 mM glyphosate. Timing of hatching was scored under phase

contrast microscopy observation and expressed as the delay from the

control untreated embryos. Results correspond to the meanF standard error

calculated from four independent experiments.
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mulation products. Cosmic, Cargly, Roundup 3plus, and

Roundup Biovert all induced a delay in hatching when

applied at glyphosate concentration in the same order of

magnitude (Fig. 3), suggesting that glyphosate by itself

exerts an adverse effect on hatching. Second, the glyphosate

effect was analyzed by comparing the effect of a threshold

concentration of the Roundup mixture supplemented or not

with pure glyphosate. In repeated experiments from differ-

ent batches of embryos, the results show that the mixture

(0.2% Roundup which contains 2 mM glyphosate) supple-

mented with 8 mM pure glyphosate provoked a significant

increase in the delay of hatching than the mixture devoid of

added glyphosate (Table 1). The active herbicide glyphosate

component present in the Roundup formulation product is

therefore at least responsible for the hatching inhibitory

effect.
Fig. 3. Effect of four glyphosate-based commercial pesticides on the timing

of hatching. Sea urchin gametes were fertilized and the embryos transferred

at the morula stage into seawater containing the formulation products at

various concentrations indicated in glyphosate content. The timing of

hatching was scored under phase contrast microscopy observation and

expressed as the delay in the treated embryos compared to the control

embryos. The figure is representative of two independent experiments.
The effect of Roundup was compared to the effect of

actinomycin D, a transcription inhibitor known to affect

hatching (Gross and Cousineau, 1964). As expected,

Actinomycin D affected the hatching process with partial

effects on the cell cycle (Fig. 2, lower panel). Because the

phenotype of Roundup and actinomycin D on hatching were

comparable, and because the window of Roundup efficiency

corresponded to the transcription sensitive period (see

introduction), the effect of Roundup on transcription was

investigated.

The inhibition of hatching by Roundup is related to the

inhibition of transcription

Transcription was measured after fertilization. As already

reported, transcription was barely detectable just after

fertilization and increased progressively as from the morula

stage in the control embryos (Fig. 4A). Roundup strongly

affected the transcription changes following the morula

stage. The increase in transcription was delayed by several

hours compared to the controls and then occurred with a

63% inhibition (SD = 15; n = 4). As a control, actinomycin

D fully inhibited transcription (Fig. 4A). The effects of

Roundup and actinomycin D on hatching were analyzed in

the same experiment (Fig. 4B). Roundup delayed hatching

by 20 h while actinomycin D blocked the hatching process

(Fig. 4B). When added at the morula stage, Roundup again

inhibited transcription by 50%. The effect of Roundup on

transcription was dose-dependent (Fig. 5A) although the
Fig. 4. Roundup and actinomycin D effects on transcription and hatching

kinetics. Sea urchin eggs were fertilized and the embryos transferred 10 min

following fertilization into fresh seawater (Control) or into seawater

containing Roundup at 8 mM concentration (glyphosate content), or into

seawater containing 100 Ag/ml of actinomycin D. [5-3H]Uridine was added

to the embryos at the same time. (A) Transcription was expressed in

percentage of uridine incorporated into RNAs versus uridine total uptake.

(B) Hatching kinetics. The graphics were obtained from the eggs isolated

from a single female and were representative of three independent

experiments.
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inhibitory effect was not directly proportional to the

concentration of the chemical. The maximum inhibition of

transcription was 65% compared to the control embryos.

The effects of different concentrations of Roundup on

hatching were also analyzed in the same experiment where

hatching was inhibited in a dose-dependent manner (Fig.

5B). Noteworthy, in our experimental conditions, hatching

inhibition appeared to be more sensitive to the concentration

of Roundup than the inhibition of transcription.

Hatching requires the hatching enzyme, which is

transiently transcribed from the zygotic genome after

fertilization (see Introduction). A 1257-bp fragment of the

hatching enzyme transcript from the sea urchin S. gran-

ularis was cloned and sequenced (EMBL accession number:

AJ606476). A blast search (Altschul et al., 1997) stringently

matched the hatching enzymes of other species. The S.

granularis hatching enzyme shared 82% similitude with H.

pulcherrimus at the nucleotide level and 75% at the

translated protein level. Expression of the hatching enzyme

during development was analyzed by RT-PCR as direct

Northern analysis lead to barely detectable signals in S.

granularis (Le Breton et al., 2003). The RT-PCR product

was detected on agarose gel at the expected size of 1250 bp

(Fig. 6A). The signal was undetectable until 10 h after
Fig. 5. Roundup dose–response effects on transcription and hatching. Sea

urchin eggs were fertilized and the embryos transferred at the 16-cell stage

(4.5 h following fertilization) into fresh seawater or into seawater

containing Roundup (in mM glyphosate content). [5-3H]Uridine was added

to the embryo suspension at the morula stage (7 h after fertilization). (A)

Transcription was measured 3 h following uridine addition. Transcription

was expressed in percentage of uridine incorporated into RNAs versus

uridine total uptake, standardized to transcription in the control embryos.

(B) Hatching kinetic. The graphic represents the hatching when 100%

hatching was achieved in the control embryos (18.5 h after fertilization in

this experiment). The graphics were obtained from the eggs isolated from a

single female and were representative of two independent experiments.
fertilization, peaked at 12 h, and then disappeared after 18 h.

The signal was totally absent in actinomycin-D-treated

embryos (Fig. 6B) and was significantly delayed in the

Roundup-treated embryos (Figs. 6A,B). When comparing

three different experiments performed with Roundup at 4 or

10 mM, the delay in the expression of the hatching enzyme

was constantly observed to be around 2 h. During these

experiments, hatching in control embryos started at 16 h and

was complete for all embryos at 20 h (Fig. 6B insert)

whereas hatching was delayed by more than 4 h in the

Roundup-treated embryos (Fig. 6B insert). As noticed for

global transcription (see Fig. 4), the effect of Roundup on

the transcription of the hatching enzyme was associated

with a significant delay in the hatching process (see Fig. 6).

Altogether, Roundup globally inhibited early transcrip-

tion following fertilization, impeded the specific transcrip-

tion of the hatching enzyme, and was correlated with a

delayed hatching process.
Discussion

Roundup exerted an adverse effect on transcription as

evidenced by a strong inhibition of hatching, the process

by which embryos are liberated from their protective

envelopes and begin to swim freely. The inhibition of

transcription as well as the inhibition of hatching appeared

to be dose-dependent for a Roundup concentration con-

taining 2 and 8 mM of glyphosate. In all cases, the

inhibition of global transcription together with the inhib-

ition of the transcription of the hatching enzyme was less

effective with Roundup compared to actinomycin D, a well

documented transcription inhibitor. This suggests that

Roundup interferes with transcription through a mecha-

nism more complex than a mere effect on the transcrip-

tional machinery. The mean efficient dose for a 50%

adverse effect of Roundup on transcription was around 1.6

mM expressed as glyphosate content. Therefore, the

adverse effect of transcription in humans or in other living

organisms could be affected by Roundup when the

commercial product is sprayed for herbicide usage. In

effect, the recommended concentration in the sprayed

commercial solution is 40 mM glyphosate. Conversely,

any living organism present around the spraying zone

could inhale the microdroplets at a concentration 25 times

higher than the 50% adverse effect on transcription. The

Roundup used in our experiments was obtained from two

different batches of commercial Roundup 3plus. The

commercial product contains not only glyphosate as the

active herbicide compound but also products such as

surfactants and permeabilizing agents. The adverse effect

on transcription involves the commercial product and

therefore is the result of a combination of the formulation

products. The contribution of glyphosate to the adverse

effect of Roundup was investigated and demonstrated by

two lines of evidence. On the one hand, four different



Fig. 6. Effect of Roundup on expression of S. granularis hatching enzyme. Sea urchin eggs were fertilized and the embryos transferred either 10 min following

fertilization into seawater containing actinomycin D (100 Ag/ml) or at the morula stage into seawater containing Roundup (10 mM glyphosate content).

Expression of S. granularis hatching enzyme mRNA (SgHE) was analyzed by RT-PCR at 2-h time intervals from control- and Roundup-treated embryos. (A)

Agarose gel of PCR fragments revealed by UV after staining with bromoethidium. Fragment size was estimated from DNA markers run on each side of the

gels. (RT+) correspond to RT-PCR reactions. (RT�) correspond to control PCR performed with no reverse transcription. (B) Quantification of hatching enzyme

expression by densitometry of the 1% agarose gel image. Inset: hatching kinetics.
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glyphosate-based formulations provoked a delay in hatch-

ing at glyphosate concentration within similar range. On

the second hand, an additional effect on hatching was

observed when a threshold amount of Roundup was

supplemented with pure glyphosate. However, our results

do not exclude a contribution of the formulation products

to the Roundup effect: first, because permeabilizing agents

are required for glyphosate effect as a herbicide (Williams

et al., 2000) or as a cell cycle deregulator (Marc et al.,

2002), for the intracellular access of the chemical to its

molecular targets. Second, because the major component

of Roundup, polyoxyethylene amine (POEA), was found

to be highly toxic to the embryos and led to lethality. Such

higher toxicity of POEA compared to Roundup has been

observed on other aquatic organisms (Tsui and Chu, 2003).

Altogether, the adverse effect of Roundup on hatching is

due, at least in part, to the active herbicide component

glyphosate, which reaches its intracellular molecular target

through the synergic effects of the formulation ingredients.

Regarding the potential human health concern, it is

important to note that glyphosate is never sprayed for

herbicide usage without the formulation compounds

(Williams et al., 2000).

The experiments were performed in conditions minimiz-

ing the cell cycle adverse effect of Roundup on the sea
urchin’s early development (see Fig. 2). Nonetheless, the

effect of glyphosate on the cell cycle most probably

contributes to the inhibition of hatching by Roundup.

During early development, transcription of the very few

initial new zygotic genes, among which the hatching

enzyme, is a spatiotemporal complex mechanism closely

linked to the subtle patterning of the embryo (Davidson,

1986; Gilbert, 2003) and is therefore closely linked to the

cell cycles governing the embryo’s development. The

contribution of glyphosate cell cycle effect on the transcrip-

tional effect of Roundup may help explain the consistent

observations of more pronounced adverse effects of

Roundup on hatching than on transcription. We cannot

exclude the contribution of other undetermined mechanisms

involved in the effect of Roundup on hatching, because of

the complex physiological processes connecting transcrip-

tion and the effective hatching of the embryos.

Because transcription inhibitors such as actinomycin D

are highly toxic especially toward actively dividing cells

(Lurain, 2002; Estlin and Veal, 2003), the adverse effect of

Roundup on transcription may be of human health concern.

The involvement of subtle regulating mechanisms on

transcription during the correct development of the embryos

suggests a potential adverse effect of Roundup on the

developmental process.
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