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Abstract

Nematomorpha (horsehair worms) is a poorly known group of worm-like animals similar to nematodes. Adults are free-living and
reproduction takes place in freshwater environments, where preparasitic larvae undergo development. All species have a parasitic juvenil
stage and infection may result in the host’s death, insects being the most frequent host. Most of the life cycle occurs in freshwater envi-
ronments, which are often contaminated by different pollutants. Based on the lack of information on the toxicity of herbicides to horse-
hair worms, the objective of this study is to evaluate the effect of different concentrations of glyphosate (technical grade and formulated
product) on Chordodes nobilii (Gordiida, Nematomorpha). Bioassays were performed with embryos and larvae (preparasitic stages), and
adults (postparasitic stage). Test organisms were exposed for a short period of time to concentrations ranging between 0.1 and
8 mg a.e. ! of glyphosate (technical and formulated). Although embryo development was not inhibited, there was a significant decrease
in the infective capacity of larvae derived from eggs that had been exposed to >0.1 mg/l. Similar results were obtained for directly
exposed larvae. No differences in toxicity were detected between the active ingredient and formulated product. Adult exposed for
96 h to 1.76 mg 1! formulated Gly shown a mortality of 50%. Results indicate that C. nobilii is affected at glyphosate concentrations
lower than those expected to be found in freshwater environments and those specified in the legislation.

Published by Elsevier Ltd.
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1. Introduction

The gordiids (Nematomorpha), commonly known as
horsehair worms, spend part of their life cycle in several
types of freshwater habitats (i.e. lakes, streams, rivers,
ponds). They go through three different developmental
stages, a preparasitic, free-living larva, that penetrates the
host and develops into a parasitic juvenile, and a postpara-
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sitic, free-living adult (Schmidt-Rhaesa, 2001, 2002; de Vill-
alobos and Ronderos, 2003; de Villalobos et al., 2003;
Hanelt and Janovy, 2003). In the natural environment
Gordiid adults are easily missed due to their seasonality,
cryptic nature, hiding behaviours during mating, and the
lack of effective sampling technique. A single collection
locality, such as a small stream, can contain worms entwined
in vegetation at the periphery, between rocks on the bottom,
buried in the substrate, free swimming, wound around sub-
merged sticks, or entangled in a knot near the substrate
(Hanelt et al., 2005). The adults gather in spring and sum-
mer forming a mating tangle (gordian knot). Females lay
eggs in gelatinous strings that are attached to bottom sub-
strates. At hatching, larvae do not exceed 100 pm in length
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and bear hooks and stylets on the anterior end, with which
they are able to penetrate paratenic or definitive hosts.
Insects, including those of medical and agronomical impor-
tance, are regarded as the most frequent definitive hosts;
gordiid infection in insects may lead to severe damage or
even death (de Villalobos and Miralles, 1997; de Villalobos
et al., 1999; Schmidt-Rhaesa and Ehrmann, 2001).

Most of the studies concerning horsehair worms have
dealt with systematics or life cycle aspects (Schmidt-
Rhaesa, 1997; Bolek and Coggins, 2002; de Villalobos
et al., 2003; Hanelt and Janovy, 2003), and little is known
about their ecology and physiology (Swansonn, 1982;
Chandler, 1985; Schmidt-Rhaesa, 1997; Bolek and Coggins,
2002). In particular, there is no information on the effects of
different pollutants on the life cycle stages of gordiids. The
distribution area of Chordodes nobilii (Gordiida, Nemato-
morpha) is of intense agricultural activity. Between the
most used herbicides in this region is the Glyphosate (V-
phosphonomethylglycine), that is widely used in agriculture
for weed control (Solomon et al., 2005). It is a non-selective
and post-emergent herbicide that inhibits the 5-enolpyruv-
ylshikimate-3-phosphate synthase. This enzyme is needed
to synthesize an intermediate product in the biosynthesis
of the aromatic amino acids, (phenylalanine, tyrosine, and
tryptophan) essential for protein synthesis. Animals lack
this biosynthetic pathway (Williams et al., 2000). The major
formulation of glyphosate is Roundup®, which contains the
active ingredient in the form of its isopropylamine salt as
well as surfactants. The effects of Glyphosate and its formu-
lation on different aquatic organisms have been studied and
reported as having a variable degree of toxicity, with the
formulated product RoundupR generally being more toxic
to fully aquatic organisms than the active ingredient,
among others, by Folmar et al. (1979), Hildebrand et al.
(1982), Kovacs (1982), Servizi et al. (1987), Buhl and Faer-
ber (1989), Forschler et al. (1989), Antén et al. (1994) and
Tsui and Chu (2003).

Horsehair worms are expected to be exposed to different
agrochemicals removed by runoff because their habitats are
frequently found in areas of intensive agricultural activities,
like Sierra de la Ventana (Buenos Aires, Argentina) in the
Pampean Region, where glyphosate is one of the most used
herbicides (INTA, 2003), and where the Gordiida are
widely distributed (de Villalobos et al., 2004). Therefore,
the objective of this study was to evaluate the effect of gly-
phosate on different stages of the life cycle of Chordodes
nobilii (Gordiida, Nematomorpha).

2. Materials and methods
2.1. Test organisms

Adults of C. nobilii were collected from streams in the
locality of Sierra de La Ventana, Buenos Aires, Argentina.
Once in the laboratory, individuals from each stream were
kept in separate containers with aerated dechlorinated tap
water, at a room temperature of 23 + 1 °C. After mating,

females were held individually in containers for oviposi-
tion. Bioassays were performed with embryos (mainly in
blastula stage), larvae and adults.

2.2. Test chemicals

We used glyphosate, technical grade, 95% (w/v) (Gly),
and a formulation like Roundup, 35.2% (w/v) (formulated
Gly), both expressed as acid equivalent. The test substances
were obtained from the Servicio Nacional de Sanidad y
Calidad Agroalimentaria de Argentina (SENASA), where
the degree of purity of the substances was determined
(SIPAC technique).

The solutions of formulated Gly and Gly were prepared
by diluting a stock solution of 500 mga.e.1”' Gly with
bidistilled water. Concentrations were expressed as acid
equivalent. The analytical concentrations of the two stock
solutions were determined by ionic chromatography with
chromatographic columns AG4-AS4. The analytical values
differ £+ 10% of the nominal ones. In the three bioassays,
the dilution medium was reconstituted hard water (pH
7.6-8.0, hardness 160-180 mg1~' as CO5Ca), with the fol-
lowing chemical composition (mgl™'): NaHCO; 192,
CaSO, - 2H,0 120, MgSO, 120, KCl, 8, (Weber, 1993).
The dilution media was chosen because it provides values
of water hardness similar to those at natural collection
sites. General bioassay conditions and concentrations were
selected based on a preliminary trial.

2.3. Bioassays

Fig. 1 shows a schematic diagram of the experimental
protocol for assessing glyphosate toxicity to embryos and
larvae of C. nobilii. At the left side of the figure describes
the exposure of embryos to the glyphosate (Gly and formu-
lated Gly) and the right side of the figure describes expo-
sure to the larval form.

2.4. Embryos bioassays

Two sets of bioassays were performed, one using Gly
and the other formulated Gly, at the following concentra-
tions expressed as mga.e.1”!, for Gly, 0 (control), 0.1,
0.5, 1, 2, 4 and 8§, and, for formulated Gly 0 (control),
0.07, 0.4, 0.8, 1.5, 3 and 6. Each concentration including
controls was tested in triplicate, in a rearing chamber at
23 £+ 1 °C, and under semi-static conditions and full dark-
ness to avoid product photodegradation (Rueppel et al.,
1977). The pHs for initial time, for all Gly solutions were
between 7.47 and 7.04, and, for all formulated Gly solu-
tions were between 7.47 and 7.12. At final time in all cases
the pH increased less than 4%.

To obtain the biological samples, we selected pieces of
egg strings having embryos mainly in blastula stage that
had been laid by a field-collected female (May, 1919).

The experimental protocol consisted of three consecu-
tive periods as follows:
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Spawning
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Embryo assays Larva assays
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Fig. 1. Flow diagram of experimental procedure for embryos and larvae assays. FL: free-living larvae.

1. Exposure. The egg strings were cut into segments of ml container, resulting in an egg density of approxi-
about 3 mm in length, each one containing approxi- mately 2500-3000 eggs ml~'. Exposure lasted for
mately 4000 eggs (see Hanelt and Janovy, 2002, 96 h, and the assay medium was partially renewed
2004). Each egg segment was cut to increase the daily. After exposure, it was entirely replaced by con-

exposed surface area and randomly placed in a 1.5- trol medium.
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2. Post-exposure. The containers with embryos previously
exposed to the test chemicals were periodically checked
until the appearance of free-living larvae (FL), using
light microscopy. Then, a sample of each replicate was
taken and 100 individuals were randomly selected as fol-
lows: with a magnification of 3x the sample is located,
then with a magnification of 10x a sector of the sample
is randomly selected for observation and after that, with
a magnification of 40x, 25 eggs are classify. The proce-
dure is repeated until is up to 100 eggs, and is determine
the proportion of free-living larvae (FL), ready-to-hatch
larvae within egg capsules (LC) and non-viable embryos
(NE) with collapsed envelopes and patches of amor-
phous material. The third experimental period (infection
of host insect with glyphosate exposed to FL) was
started when the amount of FL in the sample
was >50%, (between 28 and 38 days after the bioassay
was started) and the infective capacity is assured in con-
trol conditions. This percentage was choice because gor-
diida’s embryos of the same egg string may develop at
dissimilar rate, so the proportion of different stages in
the egg string is variable (Montgomery, 1904; Dorier,
1930; Zanca et al., 2007).

The embryo bioassays were considered valid when the
proportion of NE in the control groups was <10%.

3. Exposure of Aedes aegyptii ( Diptera) larvae to C. nobilii
larvae. The viability of C. nobilii larvae was determined
by evaluation of their infective capacity with the Infec-
tion Index Mean Abundance, IIMA, as total number
of C. nobilii larvae divided by total number of A. aegypti
larvae examined (Bush et al., 1997). Thirty second- and
third-instar larvae of A. aegypti reared in the laboratory
were placed in containers with 12 ml of well water and
wheat germ as food (de Villalobos et al., 2003). The
obtained samples of each replicate in the Post-exposure
experimental period (with 50% of C. nobilii in FL stage)
were added to each container, assuring a similar exposi-
tion rate for each sample. After being exposed for 72 h,
mosquito larvae were fixed in 70% ethanol and then dis-
sected under light microscope to search for C. nobilii lar-
vae in the body cavity. This procedure was followed for
each replicate of the post-exposure period.

2.5. Larvae bioassays

The survival of C. nobilii larvae was evaluated using
their capacity to infect the host (4. aegyptii) as endpoint,
because of the fact that the larvae have scarce activity.

Pieces of egg strings were rinsed in a 1:250 Clorox bleach
solution (Hanelt and Janovy, 1999), and placed in 50-ml
plastic containers, until the FL stage was reached.

The experimental protocol consisted of two consecutive
periods; in the first period, C. nobilii FL were exposed to
the test chemicals for 48 h with partial renewal of the solu-

tion at 24 h exposition. In the second period, A. aegyptii
larvae were exposed to FL of C. nobilii for 72 h in control
media. Larvae were exposed to the same Gly and formu-
lated Gly concentration and experimental conditions as
for embryos. These bioassays were considered valid when
IIMA in the control group was >2.

2.6. Adult’s bioassays

To evaluate the lethality of formulated Gly at
1.76 mg a.e. 1! to adult males, a static acute toxicity bioas-
say was conducted following the pass or fail testing proce-
dure (Baird et al., 1996). Four replicates of five animals
each were run simultaneously for both control and expo-
sure groups. Each replicate contained 500 ml of assay med-
ium. Mortality was registered at 96 h post-exposure.

When exposure ended, the number of dead worms was
counted and the assay medium was replaced by control
medium. Individuals were considered dead if they did not
respond to a mechanical stimulus after 48 h, to avoid con-
fusion with sublethal effects.

2.7. Data analysis

In the bioassays with embryos, the endpoint variables
were the proportions of FL, LC, and NE at the end of
the second period, and the IIMA at the end of the third
period. In those with nematomorph larvae, the endpoint
variable was the IIMA.

The Shapiro—Wilk test and the Levene median test were
used to assess normality and homogeneity of variance of
data, respectively. Significant differences between the con-
trol and treated groups were determined using one-way
ANOVA followed by Tukey’s test, after square-root or arc-
sin transformation of the data (Zar, 1999). The significance
level was set at p <0.05. Statistical analyses were per-
formed using Infostat software.

In the bioassays with C. nobilii adults, the pass or fail
test was used to check for significant differences (Students’
t-test; p > 0.05) between the control and treated group
(Zar, 1999).

3. Results

The bioassays carried with embryos showed that 50% of
the embryos cultured in the control medium reached the
FL stage between 30 and 40 days. There was no relation-
ship between development time and treatment, on the basis
that none of the tested concentrations of Gly and formu-
lated Gly delayed or inhibited embryonic development, as
compared to the controls (Tables 1 and 2). However, the
treatments decreased the infective capacity of C. nobili lar-
vae, since the IIMA of larvae from directly exposed eggs
was significantly lower than those of the control group
(Fig. 2A and B). There were no significant differences
between the infection indices of larvae from eggs exposed
to all test concentrations. The control group of Gly assay



1820 C.L. Achiorno et al. | Chemosphere 71 (2008) 1816—-1822

Table 1

Mean + standard error (SEM) for stages LC (larvae within egg capsules),
FL (free-living larvae) and NC (non-viable embryos) at the end of post-
exposure period for embryos exposed to glyphosate technical

mga.e. 17! Mean + SEM

LC FL NC
0 32.67 +4.63 63.00 +7.57 3.33+2.385
0.1 28.00 + 16.62 52.33 +12.81 18.33 £ 12.61
0.5 22.00 + 1.53 51.67 £ 8.41 25.334+£9.91
1 6.67 £3.53 93.00 + 3.61 0.33+£0.3
2 23.33 +£5.81 66.67 + 8.76 8.00 +2.52
4 20.00 + 10.69 56.00 & 3.06 23.33+7.45
8 10.67 +10.17 84.00 + 13.1 5.33+3.18

Values expressed as percentage.

Table 2

Mean + standard error (SEM) for stages LC (larvae within egg capsules),
FL (free-living larvae) and NC (non-viable embryos) at the end of post-
exposure period for embryos exposed to formulated glyphosate

mga.e. 17! Mean + SEM
LC FL NE
0 19.33 £ 3.18 76.00 £+ 0.58 4.00 £+ 2.65
0.07 27.00 £+ 14.80 70.00 + 16.2 3.00 +1.53
0.4 16.33 +5.36 76.67 + 8.16 6.67 +£4.67
0.8 38.00 + 11.53 46.00 £ 9.00 14.33 +7.54
L.5 16.67 +9.56 72.67 + 13.64 10.33 +4.91
3 12.00 £ 5.29 64.33 £ 1391 2433 £1.05
6 31.67+£2.6 46.00 £ 7.02 20.33 +£7.22
Values expressed as percentage.
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Fig. 2. Infection Index Mean Abundance (IIMA) 4+ SEM observed for
the control and the assay concentrations in the embryonic development’s
assays. Value expressed as arithmetic mean by treatment. The text box of
Tukeys comparisons is shown. “Differ statistically significant (p < 0.05),
ns: not significant. (A) Glyphosate technical; (B) formulated glyphosate.
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Fig. 3. Infection index mean abundance (IIMA) + SEM observed for the
control and the assay concentrations in larvae’s assay. Value expressed as
arithmetic mean by treatment. The text box of Tukeys comparisons is
shown. "Differ statistically significant (p < 0.05), ns: not significant. (A)
Glyphosate technical; (B) formulated glyphosate.

shown an exceptional high IIMA (even compared with the
registered data in the laboratory), but it do not differ signif-
icatively from control group of formulated Gly assay
(p > 0.05).

The bioassays carried with larvae showed a significant
decrease in their viability for all the tested concentrations,
with similar values of IIMA between 1 and 8 mg1~! Gly
(Fig. 3A). Comparable results were obtained using formu-
lated Gly, with similar IIMA values between 0.4 and
3mgl' (Fig. 3B).

In the adults bioassays it was found significant differ-
ences between horsehair worms exposed to 1.76 mg a.e. 17!
formulated Gly and the control group (p > 0.05), with a
mortality media of 50% + 12.91% (n=4), at 96 h expo-
sure. No mortality was observed in the control group.

4. Discussion

Results reported in the literature on toxic levels of gly-
phosate (Gly and formulated Gly), for the aquatic fauna
are variable. In an extensive revision about ecotoxicity of
Glyphosate, Giesy et al., 2000, report for fresh water inver-
tebrates values of NOEC between 0.32 and 560 mg 1" as
a.e and POEA respectively. Buhl and Faerber, 1989 report
a CES50 value for Chironomus riparius larvae of 5900 mg 1!
for Rodeo. In addition, Tsui and Chu (2004) reported tox-
icity values of 5.7 and 1.5 mg 1" ! Roundup expressed as a.e.
for Daphnia dubia and Hyalella azteca, respectively. For
Nematoda, a group closely related to Nematomorpha,
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Forschler et al., 1989, reported that the activity of Steiner-
nema feltiae dauer larvae is decreased between 20% and
25% at glyphosate concentrations from 0.4 to
40 mg 1~ 'Roundup EC respectively. The acute toxicity for
aquatic invertebrates of Roundup ranges from practically
non toxic to moderately toxic (Giesy et al., 2000). Results
obtained in this study indicate that C. nobilii adults can
be classified as moderately sensitive to glyphosate, with a
mortality of 50% at 1.76 mg 1",

A brief exposure (in the order of 10% of the embryonic
phase) of embryos to different glyphosate concentrations
did not inhibit nor delay development but decreased the
viability of the newly hatched larvae by over 50%. These
results were obtained for glyphosate both as active ingredi-
ent and formulated product, thus indicating that the form-
ulants being added to the formulation may not cause
additive effects on embryo development. This is consistent
with results previously obtained by us. On the other hand,
comparing our results with those CL50 and NOEC regis-
tered in the literature for freshwater invertebrates (see Fol-
mar et al., 1979; Giesy et al., 2000; Tsui and Chu, 2003),
embryos and larvae of C. nobilii are one of the most sensi-
tive organisms.

In regard to directly exposed larvae of C. nobilii, there
was a concentration dependent effect from 0.1 mg1~' Gly
onwards, with the infective capacity of these larvae dimin-
ished by 50% or more. This result contrasts with reported
for dauer larvae of S. feltiae, which recovered infectivity
once they were not longer exposed to the herbicide (For-
schler et al., 1989).

It is worthy to mention that in the bioassays performed
in this study, the exposure time of the test organisms was
shorter than 7 days, which is the half-life of glyphosate in
water (Giesy et al., 2000).

In this study, the minimum concentration tested
(0.1 mga.e. "' Gly.) decreased larval infectivity. This
value is below the guidance level for glyphosate in freshwa-
ter systems (0.24 mg1~' Gly), established to protect the
aquatic biota in Argentina (http://www.obraspublicas.
gov.ar/hidricos/documentos/calidad/glifosato.pdf, 2003).

For direct application to water of Roundup at a rate or
4.2kga.e./ha and assuming 50% foliar interception, the
maximum concentration in water are 0.3 or 4.5mgl™!
for 2m and 0.15 m deep water, respectively, (Giesy et al.,
2000). Most of streams of Pampeana Region are shallow
(0.50-0.15 m), so it would be expected the bigger values.
On the other hand, Peterson et al. (1994) and Perkins
et al. (2000) pointed out that concentrations up to
2.88 mg1~! Gly a.i. are to be expected in shallow freshwa-
ter environments.

Assuming a single terrestrial application of 4.2 kg
Roundup/ha, GENEEC estimated peak concentration in
surface water ranged from 0.024 to 0.09 mg Rundup1~',
resulted in a maximum predicted exposure concentration
for 0.13 mga.e. 17! for static bodies water receiving drift
and runoff from and adjacent field (Giesy et al., 2000).
Our results suggest that even under the conditions

described above exist potential risk of toxicity for C.
nobilii.

This work includes a bioassay design to evaluate ecotox-
icity in early life cycle stages of Nematomorpha, taking
into account biological features of C. nobilii used as test
species. One of the proposed endpoints, larval viability,
can be considered of the quantal type on the basis that invi-
ability implies the interruption of the life cycle.

Our results indicate that the viability of C. nobilii in its
ecological role as parasite declines at glyphosate concentra-
tions lower than those specified in the Argentina legislation
aiming at the protection of the aquatic biota, and those
expected to be found in freshwater environments. This
information can be used by government decision-makers
when taking action to promote conservation of biodiversity
in freshwater ecosystems.
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