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A B S T R A C T

Glyphosate-based formulation is used as non-selective and post-emergent herbicides in urban and rural activ-
ities. In view of its recurring applications in agricultural producing countries, the increase of glyphosate con-
centration in the environment stresses the need to test the adverse effects on non-target organisms and assess the
risk of its use. This paper analyzes the toxicological and oxidative stress and modulatory effects of a glyphosate
commercial formulation (glyphosate F) on the nematode Caenorhabditis elegans. We detected ROS production
and enhancement of oxidative stress response in glyphosate F-treated nematodes. Particularly, we found an
increased ctl-1 catalase gene expression of a catalase specific activity. In addition, we showed that glyphosate F
treatment activated the FOXO transcription factor DAF-16, a critical target of the insulin/IGF-1 signaling
pathway, which modulates the transcription of a broad range of genes involved in stress resistance, reproductive
development, dauer formation, and longevity. In summary, the exposure of glyphosate F induces an oxidative
imbalance in C. elegans that leads to the DAF-16 activation and consequently to the expression of genes that boost
the antioxidant defense system. In this regard, clt-1 gene and catalase activity proved to be excellent biomarkers
to develop more sensitive protocols to assess the environmental risk of glyphosate use.

1. Introduction

Glyphosate is one of the most widely used agrochemicals around the
world as a result of the expansion and increased production of geneti-
cally modified crops (Coupe et al., 2012; ISAAA, 2016; US
Environmental Protection Agency, 2016). It is a non-selective broad-
spectrum herbicide developed for the removal of grasses, sedges, herbs
and woody shrubs, especially perennials. Due to precipitation, runoff
and leaching processes, glyphosate and its metabolites can be found as
environmental contaminants in soil and waters, enhancing the risk of
negative impacts on non-target organisms and further deteriorating
ecosystem health (Peruzzo et al., 2008; Struger et al., 2015; Yang et al.,
2015).

Glyphosate is a glycine analogue that harms plants by suppressing
their capacity to generate aromatic amino acids (Boocock and Coggins,

1983). The potential environmental and health risk associated with
their applications has been the topic of scientific and social discussion
since it was first used in 1970 (Mesnage et al., 2015). Glyphosate salts
alone have low to very low toxicity to mammals, but in commercial
formulations, such as Roundup® or TouchDown®, they have proved to
be more toxic due to the addition of surfactants (for a review see
Mesnage et al., 2015). Indeed, the penetration of active ingredient
through the cell membrane and subsequent intracellular action is
greatly facilitated by these adjuvants (Haefs et al., 2002; Marc et al.,
2002). Since the active ingredient is never used alone, further assess-
ments are needed to determine the negative impact of the herbicide
formulations on the ecosystem. Given their several advantages, tox-
icological experiments using the nematode Caenorhabditis elegans could
be an excellent alternative to address this concern.

C. elegans is a free-living nematode, one of the most abundant phyla
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in nature, which plays an important role in ecosystem services. Due to
its ubiquitous appearance and ecological relevance, this nematode is a
suitable indicator to assess environmental pollution (Clavijo et al.,
2017, 2016; Frézal and Félix, 2015; Leung et al., 2008; Tejeda-Benitez
et al., 2016). Another interesting aspect is that many of the C. elegans
physiological processes and stress responses are conserved in higher
eukaryotes (e.g., humans) (Hunt, 2017). Therefore, the increasing
amount of evidence supports C. elegans as a valuable toxicity model to
predict outcomes in higher organisms.

Toxicological studies are greatly simplified in this nematode com-
pared to more traditional animal models because it is a simple and
small organism that has a short lifespan (4 days at 20 °C) and produces
hundreds of offspring in each generation (Brenner, 1974). Additionally,
powerful molecular tools have been developed for C. elegans that pro-
vide researchers with the means to probe the mechanisms underlying
toxicity (Kaletta and Hengartner, 2006). In view of the above, it can be
stated that C. elegans is a successful animal model for environmental
mechanistic toxicology research.

To date, only a few reports have analyzed the adverse effects of
glyphosate-based herbicides on C. elegans, but the mechanisms were not
fully characterized (Ruan et al., 2009). It was demonstrated that ex-
posure to TouchDown® during the first and second larval stages (L1 and
L2) causes neuronal degeneration, particularly of dopaminergic neu-
rons (Negga et al., 2012, 2011). McVey et al. (2016) also showed that
this product affected the nervous system development of C. elegans
embryos. Therefore, investigating the effects of glyphosate-based her-
bicide on nematodes may elucidate defense mechanisms and tox-
icological effects for this species to predict the herbicide effects on
higher organisms.

Environmental pollutants, such as pesticides, induce a cellular dis-
turbance through an increase in reactive oxygen species (ROS), com-
monly referred to as oxidative stress, that often precedes the onset of
long term effects such as the impairment of the immune response and
reproduction capacity, premature aging and a lower survival rate
(Miranda-Vizuete and Veal, 2017; Monserrat et al., 2007). Several
molecular mechanisms are capable of detoxifying ROS and regulating
the redox balance of the cell. The enzyme superoxide dismutase de-
grades superoxide anion into peroxide which is then decomposed into
water by the enzyme catalase and/or peroxiredoxin. These major sys-
tems act in conjunction with the thioredoxin system, composed of the
thioredoxin protein and the thioredoxin reductase enzyme, and with
the glutathione systems, that include glutathione, glutathione re-
ductase, glutathione peroxidases, glutaredoxin and glutathione-S-
transferases. As regards C. elegans, more than eighty genes are involved
in the antioxidant defense systems. They include three catalase en-
coding genes (ctl-1 to ctl-3), five superoxide dismutase encoding genes
(sod-1 to sod-5), 44 glutathione-S-transferase genes (gst-1 to gst-44), one
glutathione reductase gene (gsr-1), eight glutathione peroxidase genes
(gpx-1 to gpx-8), two thioredoxin reductase genes (trxr-1 and trxr-2),
three peroxiredoxins genes (prdx-2, prdx-3 and prdx-6) (Back et al.,
2012).

Hence, the aim of this paper is to analyze the toxicological and
oxidative stress modulatory effects of glyphosate-based herbicides on
the nematode C. elegans. First, we established the consequences that the
glyphosate commercial formulation (glyphosate F) has on the genera-
tion of ROS. As antioxidant defense mechanisms are biomarkers widely
used to assess toxic stress, we focused our attention on exploring the
oxidative stress modulatory effects on acute exposure of glyphosate F.
We detected ROS production and enhancement of oxidative stress re-
sponse in glyphosate F-treated nematodes. Particularly, we found a
pronounced increase in the expression of ctl-1 gene and catalase specific
activity. Finally, we tested if glyphosate F treatment could activate the
FOXO transcription factor DAF-16, the major downstream target of the
C. elegans insulin/IGF-1 signaling pathway, which modulates the tran-
scription of a broad range of genes involved in stress response, re-
productive development, dauer formation, and longevity (Murphy,

2006).

2. Materials and methods

2.1. Chemicals

Commercial formulations of glyphosate (GlifosatoAtanor II®, dis-
tributed by Atanor, Munro, Buenos Aires province, Argentina), con-
taining monopotassium salt of N-phosphonomethyl glycine at
43.8 g L−1 as the active ingredient, and of paraquat (Gramoxone
Super®, distributed by Syngenta Chemicals B.V., Belgium), containing
paraquat dichloride at 276 g L−1, were used. The Sigma-Aldrich
Chemical Company supplied 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCF-DA) and Roche and Trizol Reagent from Invitrogen supplied
the complete mini protease mix. All other chemicals were of the highest
purity available.

A stock solution of commercial herbicide with M9 buffer (3 g of
KH2PO4, 6 g of Na2HPO4, 5 g of NaCl, 1 mL of 1M MgSO4, and H2O to
1 L, pH 7.2) was freshly made. Different volumes of the stock solution
were mixed with M9 buffer to achieve working concentrations ex-
pressed in terms of the final glyphosate concentration presented in each
assay. The initial glyphosate concentration in stock solution was ana-
lytically determined at LABFAUBA (Facultad de Agronomía,
Universidad de Buenos Aires) by high performance liquid chromato-
graphy technique (HPLC) on an Agilent 1100 with a C18 reverse
column and a fluorescence detector (excitation 266 nm, emission
305 nm). Elution programs were developed using solvent A (acetonitrile
and a 0.002M KH2PO4 with 7% acetonitrile, pH 7) and solvent B
(acetonitrile) with a flow rate of 0.5mLmin−1. Quantization of gly-
phosate in samples was calculated by comparing the peak areas for each
compound with those obtained from the injection of standard solutions
after derivatization. The actual values were 97 ± 2% of their theore-
tical values.

2.2. Organism and culture conditions

The C. elegans strains used in the current study were N2 var. Bristol,
CF1038 [daf-16(mu86)I] and TJ356 [zIs356 IV (pdaf-16-daf-16::gfp; rol-
6)] obtained from the Caenorhabditis Genetics Centre at the University
of Minnesota (Minneapolis, MN, USA). C. elegans was routinely propa-
gated on nematode growth medium (NGM) plates seeded with
Escherichia coli strain OP50 at 20 °C, using the standard method pre-
viously described by Brenner, 1974. Synchronization of worm culture
was achieved by treating gravid hermaphrodites with alkaline bleach
solution as described by Stiernagle (2006).

2.3. Nematode pesticide acute exposure

Age-synchronized L4-staged nematodes were treated with sublethal
concentrations of glyphosate F or paraquat in M9 buffer
(500 wormsmL−1) for 16 h at 20 °C supplemented with E. coli OP50 as
food source (DO600nm=1). Worms exposed to M9 buffer without any
herbicide were assayed as a control group and the ones exposed to
paraquat as a positive control group for oxidative stress induction (Park
et al., 2009). Three replicates were performed per treatment, and in-
dependent experiments were made three times. After exposure periods,
the survival was always checked under a dissecting microscope by
scoring the percentage of dead worms under a dissecting microscope as
alive if moving or dead if unresponsive to gentle probing. None of the
treatments presented a survival lower that 99%.

2.4. Reactive oxygen species detection

H2DCF-DA was used to quantify intracellular ROS in nematodes
using a microplate reader (Schulz et al., 2007). Age-synchronized L4-
staged N2 nematodes were treated with glyphosate F (4.8 mM) or
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paraquat (2.0 mM) as described above. Additionally, we repeated the
herbicides treatments and the control in the presence of 50mM ascorbic
acid, a prototypic antioxidant treatment (Sem and Rhen, 2012). The
nematodes were harvested, washed five times with M9 buffer, and then
30 animals were transferred to wells of a 96-well plate containing 50 μL
of PBS buffer. Subsequently, 50 μL of fresh 100 μM H2DCF-DA solution
in PBS buffer was added to each well. In all plates, control wells con-
taining nematodes from each treatment without H2DCF-DA and wells
containing H2DCF-DA without animals were prepared in parallel. The
fluorescence from each well was measured at 20 °C immediately after
incorporation of the reagent and 60min later, using 485 and 535 nm as
excitation and emission wavelengths, respectively. The initial fluores-
cence and the fluorescence signals of the control wells were subtracted
from the corresponding signals of each well after the second measure-
ment. For each experiment ROS measurements were made in quad-
ruplicate. The measurements were performed in a Spark20M Multi-
mode Microplate Reader (Tecan, NC, USA).

2.5. Quantitative real-time RT-PCR analysis

L4-staged nematodes were treated with glyphosate F (1.0, 4.8 and
9.6 mM, according to each experiment) or paraquat (2.0 mM) as de-
scribed above. Then, 4000 nematodes were harvested, washed five
times with M9 buffer, transferred to an eppendorf, resuspended into
500 μL of Trizol Reagent and kept at −80 °C until further use. Total
RNA was isolated with Trizol Reagent protocol and was quantified with
a qubit RNA HS assay kit using the qubit fluorometer (Thermo Fisher
Scientific, USA). Complementary DNA (cDNA) synthesis was performed
using the Superscript II Reverse Transcriptase (Thermo Fisher
Scientific, USA) according to the manufacturer's recommendations.
cDNA was diluted 1:4 and1 μl of the resulting cDNA preparation was
used for quantitative real-time PCR using the Fast-Plus EvaGreen®
Master Mix (Biotium, USA) and an Applied Biosystems 7500 Fast Real-
Time PCR system. The oligonucleotide sequences of all the primers
were designed according to the sequences retrieved from www.
wormbase.org. Supplementary Table S1 shows the list of primers with
their corresponding PCR-efficiencies. Gene expression of oxidative
stress-related genes was assessed relative to the non-herbicide treat-
ment control and a stable transcript, cdc-42, was used as reference gene
(Hoogewijs et al., 2008). The relative quantification was calculated
using the ΔΔCt method with correction for efficiency as described by
Pfaffl (2001). For each replicate every gene was amplified in triplicate.

2.6. Catalase specific activity

L4-staged nematodes were treated with glyphosate F (1.0, 4.8 and
9.6 mM) or paraquat (2.0 mM) as described above. Then 4000 worms
were harvested, and the pellet was washed five times with M9 buffer.
The remaining pellet was transferred to an eppendorf resuspended in
500 μL of M9 buffer with protease inhibitors and kept at −80 °C until
further use. Afterward, samples were stirred and sonicated six times for
10 s in a Sonifier cell disruptor (Branson 450) to obtain a homogenate.
The homogenate was centrifuged (13,000×g, 5 min, 4 °C) and the su-
pernatant was collected for catalase activity determination. Catalase
activity was determined by the rate of disappearance of H2O2 measured
at 240 nm during 3min at 15 s intervals; each sample was measured in
triplicate (Aebi, 1984). Protein content was quantified according to
Bradford's method using bovine serum albumin as standard. The en-
zyme activity was calculated with the molar extinction coefficient at
43.6 M−1 cm−1 and the results were expressed as μmol of H2O2 con-
sumed min−1 mg protein−1.

2.7. Intracellular localization of daf-16::GFP

Transgenic strain TJ356 [zIs356 IV (pdaf-16-daf-16::gfp; rol-6)] was
used to detect the intracellular localization of GFP tagged DAF-16

protein. L4-staged nematodes of this strain were treated with glypho-
sate F or paraquat as described above. A heat-shock treatment (30min
exposure at 37 °C) was used as positive control of completed nuclear
translocation of DAF-16 (Pant et al., 2014). The nematodes were wa-
shed thrice with M9 buffer and mounted on 2% agar pads in PBS with
25mM NaN3. The cellular localization of DAF-16::GFP was detected
with a Nikon Eclipse 50i fluorescence microscopy (excitation wave-
length 460–495 nm; emission wavelength 510–550 nm). Worms were
classified into three groups (nuclear, intermediate and cytoplasmic)
according to the localization of the DAF-16∷GFP protein. The nuclear
category included the worms exhibiting nuclear fluorescence and the
cytoplasmic category included worms with delocalized fluorescence.
Worms that did not fit any category were classified as intermediate
(Pant et al., 2014). Images were taken with a Nikon CoolPix S10 digital
camera. One hundred worms were analyzed for each sample and the
percentage of GFP relocalization was calculated.

2.8. Statistical analysis

Statistical analysis was performed using the GraphPad Prism® soft-
ware, version 6.01 (GraphPad Software, San Diego, CA). Differences
among treatments were tested using analysis of variance (ANOVA)
followed by Tukey's multiple comparisons test except for Fig. 5A, where
a chi-square test was performed. Differences were considered statisti-
cally significant at p < 0.05.

3. Results

3.1. Glyphosate commercial formulation induces reactive oxygen species
formation in C. elegans

C. elegans growth and reproduction have been affected upon gly-
phosate F treatment (supplementary Fig. S1). The dose-response model
that included hormesis was the best fit to both responses (the lack-of-fit
F test for growth was F=17.44; p < 0.001, and for reproduction was
F=25.81; p < 0.0001) with EC50s of 6.8 ± 0.1mM and
4.0 ± 0.2mM for growth and reproduction respectively. Considering
that the hormesis mechanism could be a stress-related over-compen-
sation response, we investigated the redox balance in the nematodes
treated with glyphosate and the induction of its possible toxicity me-
chanism (Mattson, 2008). To this end, we treated L4 nematodes for 16 h
with a sublethal dose of glyphosate F (4.8 mM) and evaluated in-
tracellular ROS levels. During the experiment, paraquat was used as a
positive control of ROS generator (Park et al., 2009). As shown in Fig. 1,
both herbicides significantly increased ROS production when compared
to the control (p < 0.0001). Results showed that intracellular ROS
production were 3.4 and 4.4 times higher in worms treated with gly-
phosate F and paraquat than in the control. Furthermore, we also tested
whether a prototypic antioxidant treatment could delay ROS produc-
tion in glyphosate F-treated nematodes (Sem and Rhen, 2012). In order
to do that, we repeated the experiments in the presence of ascorbic acid
and we realized that this antioxidant protected the nematodes from
glyphosate-induced ROS production (Fig. 1).

3.2. C. elegans stress-response gene expression upon exposure to glyphosate
commercial formulation

C. elegans has different molecular mechanisms that can be induced
in response to increasing ROS concentration to restore the redox bal-
ance of the organism. To analyze which pathways are predominantly
up-regulated upon exposure to glyphosate F, we performed a stress-
response gene expression analysis on selective genes, representing the
main stress-response pathways, such as glutathione (gsr-1, gpx-7, gst-28
and gst-36) and thioredoxin (trxr-1 and trxr-2) antioxidant systems, and
ROS detoxifying enzymes (prdx-2, sod-3, ctl-1, ctl-2 and ctl-3). Once
again, paraquat was used as an oxidative stress inductor.
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Gene expression analyses revealed that gpx-7, gst-36, ctl-1 and ctl-3
were significantly up-regulated in nematodes exposed to glyphosate F
(Fig. 2). The most overexpressed gene was ctl-1 as the mRNA level was
3.2 higher than the control. Notably, these four genes were also posi-
tively regulated in paraquat stressed animals, indicating that both
herbicides could trigger a common signaling pathway. However, three
of the eleven genes analyzed were overexpressed in animals treated
with paraquat but not with glyphosate F, being sod-3 gene one of them,
which is a well-known oxidative stress marker. Remarkably, sod-3 gene
also presented the highest induction level in the analysis, as its mRNA
expression was about 4 times higher compared to the control. On the
other hand, neither glyphosate treatment nor paraquat treatment af-
fected significantly the transcriptional expression of gst-28, trxr-2, prdx-
2 and ctl-2 genes.

Since ctl-1 and ctl-3 significantly responded to glyphosate F ex-
posure, we further investigated catalases genes expression to three
sublethal concentrations of the pesticide. The expression of ctl-1 and clt-
3 genes were highly induced with the three doses of glyphosate F (white
bars in Fig. 3A and C). Meanwhile, ctl-2 gene expression did not sig-
nificantly change with any of the tested glyphosate F doses (white bars

in Fig. 3B). In order to confirm whether the change in the genetic ex-
pression of ctl-1 and ctl-3 is reflected in catalase activity, the enzymatic
specific activity was evaluated after the nematode exposure to the three
concentrations of glyphosate F mentioned above. A significant in-
creased in a dose-dependent manner was observed with 4.8 and 9.6 mM
glyphosate F treatment (white bars Fig. 4).

3.3. Glyphosate formulation induced stress-response gene expression is
regulated by DAF-16

In C. elegans the FOXO transcription factor DAF-16 is the major
target of insulin-like signaling pathway, which modulates stress re-
sponse and promotes reproductive development (Panowski and Dillin,
2009). In order to determine if the glyphosate F induction of the cat-
alase gene expression was dependent on DAF-16, experiments were
performed using a daf-16 deficient mutant CF1038 strain [daf-16(mu86)
I]. Unlike what happened in the wild-type strain, the glyphosate F
treatment was not able to induce a strong catalase gene expression
(compare white and grey bars in Fig. 3). In fact, only with the 4.8 mM
glyphosate F treatment the ctl-1 gene was slightly induced in the daf-
16(mu86) I mutant strain. Moreover, catalase specific activity upon
9.6 mM glyphosate F treatment was induced 1.7 times in the daf-
16(mu86) I mutant strain while in the wild-type strain it was induced
2.8 times (Fig. 4). A similar tendency was observed with the 4.8 mM
glyphosate F treatment.

The DAF-16 protein normally traces in the cytoplasm, but under
adverse environmental stress conditions, it translocates to the nucleus
where it activates transcription of a large number of genes that increase
stress resistance and longevity (Panowski and Dillin, 2009). To evaluate
whether glyphosate F exposure would induce the translocation of DAF-
16, we analyzed protein localization in a C. elegans transgenic strain
carrying a DAF-16::GFP reporter gene. As indicated in Fig. 5, glypho-
sate F induced DAF-16 translocation from cytoplasm to nucleus in
48.2% of the treated nematodes compared to the 4.8% of the M9 buffer
control worms. Regarding the positive controls, the group of nematodes
exposed to a short heat shock at 37 °C presented approximately 100% of
DAF-16 nuclear localization while in paraquat-treated worms it reached
71%.

4. Discussion

In order to meet the food demand for the growing world population,
it is necessary to increase crop production. This is one of the main
reasons why herbicides-resistant transgenic crop technologies have
been developed in the last 20 years. Among all these technologies, the
ones that include glyphosate are the most widely used. Moreover,
glyphosate-based herbicides are applied in urban spaces and in house-
hold. As a consequence, large amounts of glyphosate-based herbicides
are released into the environment annually. In fact, the ecotoxicological
and human health effects of glyphosate are at the focus of social

Fig. 1. ROS production in glyphosate F and paraquat exposed nematodes in the
absence (unfilled bars) or presence of 50mM ascorbic acid (filled bars). L4-
staged nematodes were treated with glyphosate F (4.8mM), paraquat (2.0 mM)
or without treatment (M9 buffer) for 16 h at 20 °C, and then were harvested,
stained with H2DCF-DA and the fluorescence were measured with a Microplate
Reader. ROS production is expressed as described in Material and methods. The
values represent means ± SD of 3 independent assays. Bars with same letter
are not different at p < 0.05 based on ANOVA followed by Tukey's multiple
comparisons test.

Fig. 2. Quantitative real-time RT-PCR analysis of oxidative
stress-related genes in glyphosate F and paraquat exposed
nematodes. L4-staged nematodes were treated with glypho-
sate F (4.8 mM), paraquat (2.0 mM) or without treatment
(M9 buffer) for 16 h at 20 °C, and then were harvested and
the levels of each of the mRNA were assessed by quantitative
real-time RT-PCR as described in Material and methods. The
expression level of each target PCR product was normalized
to that of the housekeeping gene, cdc-42 and related to the
control. The dotted line denotes de normalized control value.
The values represent means ± SD of 3 independent assays.
⁎p < 0.05 based on ANOVA followed by Tukey's multiple
comparisons test.
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concern (Battaglin et al., 2016).
Our research seeks to contribute knowledge of this complex issue by

defining molecular pathways modulated by glyphosate-based formula-
tion exposure. To this end, the nematode C. elegans was selected be-
cause of the important role it plays in developing a hazard assessment
of the pesticide-induced effects on the environment. Actually, many
authors have demonstrated that this free-living soil nematode is a va-
luable bioindicator organism in ecological risk assessment in both
aquatic and soil environments (Clavijo et al., 2017, 2016; Leung et al.,
2008; Tejeda-Benitez et al., 2016; Xu et al., 2017; Yu et al., 2016).
Besides, C. elegans studies are useful to predict a pollutant mode of
action as many basic physiological processes are conserved in higher
organisms, including humans (Kaletta and Hengartner, 2006).

In our previous report we described the toxicological effects of a
commercial formulation of glyphosate in C. elegans post-embryonic

development. The report shows that this herbicide interferes with
normal growth, fecundity and reproduction in a dose-response manner
(Kronberg et al., 2014). According to US EPA's scale of ecotoxicity ca-
tegories for terrestrial and aquatic organisms for pesticide classifica-
tion, glyphosate F falls into the practically non-toxic category (US
Environmental Protection Agency, 2008). In order to explain differ-
ences in growth, fecundity and reproduction, we investigated which
molecular mechanism could be modified by glyphosate-based herbi-
cides. We focused our attention on the redox balance and cellular stress
response. To this end, we measured ROS generation after glyphosate F
treatments. Our results show the high intracellular ROS production in
glyphosate F-treated nematodes is similar to the nematodes treated
with paraquat, a well-known generator of reactive oxidants (Park et al.,
2009). Moreover, a prototypic antioxidant treatment with ascorbic acid
protected the nematodes from glyphosate-induced ROS production. The
induction of ROS generation after exposure to different pesticides has
been examined in C. elegans (McVey et al., 2012; Meyer and Williams,
2014). Several authors reported ROS production after treatment with
chlorpyrifos insecticides (Jadiya and Nazir, 2012) and with mono-
crotophos insecticides (Leelaja and Rajini, 2013). Recently, Bailey et al.
(2018) stated that exposure of C. elegans to TouchDown® inhibits mi-
tochondrial respiration and leads to the accumulation of hydrogen
peroxide. In this sense, our data confirms that ROS production is a key
molecular mechanism incurred by glyphosate that affects intracellular
homeostasis. Furthermore, this mechanism of action in which glypho-
sate induces redox imbalance is conserved in other non-target organ-
isms. For example, exposure to glyphosate can affect antioxidant de-
fense systems and induce ROS and oxidative damage in oysters (Mottier
et al., 2015), blackworms (Contardo-Jara et al., 2009) and several fish
species (Glusczak et al., 2011; Modesto and Martinez, 2010; Sinhorin
et al., 2014). In fact, damage to lipids and DNA was reported as a
consequence of the glyphosate-induced oxidative stress in Anguilla an-
guilla and Drosophila melanogaster (Guilherme et al., 2012; Mattos de
Aguiar et al., 2016). Moreover, Heu et al. (2012) showed that glypho-
sate affects the mitochondrial membrane integrity in human cells, in-
creases ROS production and promotes apoptosis. In this regard, it would
be interesting to establish the relationship between glyphosate ROS
production and apoptosis induction in C. elegans. Additionally, it has
been demonstrated that ROS may induce a hormetic compensatory
endogenous response leading to a lifespan extension on C. elegans(Gems
and Partridge, 2008). In fact, our next research will focus on experi-
ments to better understand the relationship between glyphosate F,
oxidative stress and lifespan.

Fig. 3. Quantitative real-time RT-PCR analysis of ctl-1 (A), ctl-2 (B) and ctl-3 (C) genes expression in L4-staged N2 wild-type (white bars) and daf-16 (mu86)I mutant
(grey bars) nematodesexposed to increasing concentrations of glyphosate F in M9 buffer for 16 h at 20 °C as described in Material and methods. The expression level
of each target PCR product was normalized to that of the housekeeping gene, cdc-42. The dotted line denotes the normalized control value. The values represent
means ± SD of 3 independent assays. Bars with same letter are not different at p < 0.05 based on ANOVA followed by Tukey's multiple comparisons test.

Fig. 4. Catalase specific activity in L4-staged N2 wild-type (white bars) and daf-
16 (mu86)I mutant (grey bars) nematodes exposed to increasing concentrations
of glyphosate F in M9 buffer for 16 h at 20 °C as described in Material and
methods. The values represent means ± SD of 3 independent assays. Bars with
same letter are not different at p < 0.05 based on ANOVA followed by Tukey's
multiple comparisons test.
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Next, we analyzed which cellular detox pathways were activated
upon exposure to glyphosate F to restore the redox balance in the ne-
matode. To this end, we performed a stress-response gene expression
analyses on selective genes that represent the main stress response
pathways. We found that gpx-7, gst-36, ctl-1 and ctl-3 were significantly
up-regulated in animals exposed to glyphosate F (Figs. 2 and 3). These
findings corroborate recent published data that showed an increase in
hydrogen peroxide, but not in superoxide, in C. elegans exposed to
TouchDown® (Bailey et al., 2018). In this sense, we confirmed that the
change in the genetic expression of ctl-1 and ctl-3 was correlated with
catalase specific activity after exposure to the three concentrations of
glyphosate F in dose-response manner (Fig. 3). These results suggest an
earlier increase of the antioxidant defense system to face up to the
oxidative stress caused by glyphosate F. Furthermore, supporting our
finding García-espiñeira et al. (2018) demonstrated using transgenic
GFP reporter strains of C. elegans an induction in oxidative response
genes sod-1, sod-4 and gpx-4with Roundup® treatment.

The C. elegans genome contains three genes encoding different
catalases. Ctl-2, the peroxisomal catalase, realized approximately 80%
of total catalase activity in the nematode whereas the remaining ac-
tivity is contributed by cytosolic catalase ctl-1 and ctl-3 (Petriv and
Rachubinski, 2004). These authors have also demonstrated that a lack
of ctl-2 accelerates aging and reduced lifespan contrary to ctl-1 mutant,
and that ctl-3 is mainly expressed in pharyngeal muscles and neuronal
cells, indicating that these three catalases have different functions in
the nematode biology. Our results indicated that only the two cytosolic
catalase genes are induced and proteins activated with glyphosate F
(and paraquat) treatments. Similar results were reported by Han et al.
(2017)who detected a significant increase in clt-1 and ctl-3 genes but
not in ctl-2 gene after treating C. elegans with phoxim, an organopho-
sphorus insecticide. All together these data suggested that ctl-1 play an
important role in stress adaptation when faced with chemical insults
and underline the predictive potential of this gene as a biomarker to
evaluate the environmental risk of glyphosate among other pesticides.

Since the FOXO transcription factor DAF-16 modulates several
stress response genes, including the ones that were up-regulated with
glyphosate F treatment, we assessed the activation of this master key
regulator. To this end, we traced DAF-16 protein localization using a
transgenic strain carrying a DAF-16::GFP reporter gene. Our results

show a clear protein relocalization from cytoplasm to nucleus after
treatment and proved that glyphosate F, like paraquat, could trigger
activation of DAF-16 (Fig. 5). Furthermore, the activation of ctl-1andctl-
3 genes and the catalase activity induced by glyphosate F exposure was
significantly lower in daf-16 deficient mutant strain compared to the
wild-type strain (Figs. 3 and 4). This is consistent with the fact that
DAF-16 is the major target of the insulin-like signaling pathway which
modulates stress response and promotes reproductive development in
C. elegans (Murphy, 2006).

It is interesting to note that the pattern of induced DAF-16 targets
might change depending on the stimulus. While known DAF-16 target
genes such as ctl-1 and ctl-3 were activated in glyphosate F-treated
nematodes, the classic target sod-3 gene remained unchanged. On the
other hand, paraquat induced the expression of all three genes.
Actually, the phenomenon where a nuclear localization of DAF-16 in-
duced by certain conditions did not increase sod-3 gene expression had
already been described (Henderson et al., 2006; Kampkötter et al.,
2008). This observation suggests that nuclear localization alone may
not be enough to activate DAF-16 target genes. It has been proposed
that other factors, like combinatorial interaction with other effectors,
phosphorylation state or different isoforms, can modulate the capacity
of DAF-16 to induce transcription and orchestrate a fine-tune detox
defense (Berdichevsky and Guarente, 2006; Kwon et al., 2010; Lewis
et al., 2013; Riedel et al., 2013; Van Der Heide et al., 2004).

In conclusion, we demonstrated that glyphosate F exposure can
induce an oxidative imbalance in C. elegans, leading to the activation of
DAF-16 transcription factor and consequently to the expression of genes
that boosts the antioxidant defense system. C. elegans stress-response
pathways mediated by DAF-16/FOXO are conserved in vertebrates in-
cluding mammals, so our approach could provide a framework to de-
velop biomarkers for early detection of oxidative damage. This could
provide a more sensitive tool for the assessment of agrochemicals risks
and hazards and help improve environmental management policies.
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Fig. 5. DAF-16::GFP translocation induced
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30min at 37 °C or without treatment (M9
buffer) for 16 h at 20 °C. The values re-
present means ± SD.
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