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Abstract The massive use of glyphosate (GLY) in sev-
eral countries has increased the interest in investigating its
potential adverse effects in non-target organisms. The aim
of the present study was to assess the potential effects in
survival and reproduction; avoidance behavior and oxida-
tive stress under short-term (48 h) and subchronic expo-
sures (28 days) to GLY in the earthworm Octolasion
cyaneum. After 48 h no significant changes in the behavior
was observed. In addition, a lower catalase activity at
498 pg GLY kg™' dry soil section relative to earthworms
from the control section was obtained. After 28 days of
exposure inhibition of glutathione S-transferase activity
was observed at 535 pg GLY kg~' dry soil while no
changes in the other endpoints were detected. These results
indicate that environmentally relevant concentrations of
GLY (up to 996 pg GLY kg~ ' dry soil) did not exert a
toxic effect to O. cyaneum.
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Glyphosate (GLY)-based products are the leading post-
emergent herbicides to control annual and perennial weeds
in the world. It is a broad-spectrum, non-selective systemic
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herbicide which is directly applied to foliage and it is
assumed to be less toxic to the ecosystems than other
herbicides (Piola et al. 2013). For example in Argentina,
about 200 million kg of GLY-based herbicides were
applied in 2012 (CASAFE 2013). In agricultural soils GLY
was detected in concentrations up to 1502 pg kg~ dry soil
(Aparicio et al. 2013).

Earthworms regulate major soil processes and func-
tions, such as structure, organic matter decomposition,
nutrient cycling, microbial and invertebrate populations,
and plant growth (Edwards 2004). Earthworms’ presence
in a wide range of soils, their high contribution to the soil
biomass and other characteristics like its easy and low
cost-culture makes them suitable to determine the effects
of soil pollutants such as pesticides. Several earthworm
species (e.g., Eisenia fetida and E. andrei) have occupied
an important place in toxicity testing (OECD 1984) while
earthworm biomarkers have been less investigated. Bio-
chemical biomarkers are a valuable tool for evaluating
exposure to pollutants. Recent data suggests that long-
term impacts of pesticide residues on some earthworm
species are likely to induce adaptation processes that may
include physiological changes such as increased detoxi-
fication activity, energy allocation and behavioral chan-
ges, but yet they are poorly understood (Givaudan et al.
2014).

The aim of this study was to assess the potential effects
in survival and reproduction; avoidance behavior and
oxidative stress under short-term and subchronic exposures
to environmentally relevant concentrations of the herbicide
GLY in the earthworm Octolasion cyaneum. We worked
under the hypothesis that biological responses (biochemi-
cal and behavior biomarkers) are indicative for toxic
effects induced by GLY and can thus be valuable as early
warning signals.
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Materials and Methods

Specimens of O. cyaneum earthworms were obtained by
hand-sorting from the area under no tillage located at the
National Institute of Agricultural Technology (INTA),
Experimental Station at Balcarce city, Argentina (37°45'S,
58°18'W). They were placed in plastic containers with 10 cm
of moist soil and acclimatized at 20 4+ 2°C and 14:10 h
light:dark photoperiod for 2 weeks. Adults with well-devel-
oped clitellae, with individual weight between 300 and
600 mg were used (OECD 1984, 2004). The soil was a fine,
mixed, thermic Typic Argiudoll (USDA classification) con-
taining 5.1 % organic matter; 20.9 % clay, 34.9 % silt and
44.2 % sand; pH = 7.7; conductivity of 0.6 mmhos cm™ !
and cation exchange capacity of 29.3 meq 100 g™ .

The commercial formulation Atanor S.C.A. was obtained
from the local market. Compound characteristics are: the
structure CcHgNOsP.K, active ingredient (a. i.) CAS:
39600-42-5, formulation type: liquid soluble (LS) 48 % and
35.6 % of acid equivalent, recommended application rate:
3L ai ha~' (equivalent to 1440 g a.i. GLY ha™'). The
samples were spiked with an internal standard (40 pL of
isotopically labelled standard (1,2-">C}°N) glyphosate
(98 %). The derivatization step was initiated with the addi-
tion of 0.5 mL of borate buffer (pH 9), fluorenylmethy-
loxycarbonyl (FMOC) (6 g/L) and acetonitrile. Liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
analyses were performed using an Acquity UPLC liquid
chromatograph (Waters) coupled to a triple-quadrupole
mass spectrometer equipped with an ESI source (TQD,
Waters Micromass, UK) (Sasal et al. 2015). Three replicates
per treatment were used. The detection and quantification
limit of GLY in soil samples were 0.2 and 0.6 pg kg~' dry
soil, respectively. Recoveries from spiked soils were greater
than 105 %. Concentrations of 134, 189, 329, 440 y
535 ug GLY kg™' dry soil corresponding to nominal con-
centrations of 166, 332, 498, 664 and 830 pg GLY kg7l dry
soil were measured. Taking into account the levels reported
by Aparicio et al. (2013) these values are below the maxi-
mum field concentration detected.

The experiment for survival and reproduction was per-
formed in a chamber with 14:10 h light: dark photoperiod at
a temperature of 22 &+ 2°C. This subchronic bioassay was
performed using plastic containers (11.5 c¢cm in diameter and
11 cm height) provided with a perforated lid. Inside, 750 g
of soil mixed with the herbicide were added. Finally, 10 adult
were added. Four replicates were performed. The treatments
were 480, 960, 1440, 1920 and 2400 g a.i. GLY ha™' which
corresponded to 166, 332, 498, 664 and 830 pg GLY kg_1
dry soil, respectively. A solution of GLY in distilled water
was prepared immediately before starting the assay in a
quantity sufficient for all replicates of one concentration.
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The spiking of GLY was done by mixing the aqueous solu-
tions of GLY into the pre-moistened soils, each test con-
centration into the whole batch of soil. After homogeneous
mixing, the soil was introduced into the plastic containers.
All concentration are given as a.i. per kg soil (dry weight).
Controls were run in parallel and contained distilled water
only. Sampling was made at 7, 14, 21 and 28 days after
application (DAA) and the following variables were deter-
mined: biomass in wet weight (mg), number of individuals
dead and/or alive, number of cocoons and juveniles. The
bioassay was extended to 56 DAA to observe cocoons and
juveniles production.

A short-term bioassay was performed evaluating avoid-
ance behavior of O. cyaneum. Rectangular plastic containers
(18 cm long x 12 cm wide x 12 cm height) were used,
provided with a perforated lid. Each container was divided in
two equal sections by a removable plastic split (Loureiro
et al. 2005). One half of the container received 750 g of soil
with concentration of herbicide and the other half 750 g of
soil control (without herbicide). The following treatments
were tested: 720, 1440 and 2880 g a.i. GLY ha~! which
corresponded to 249, 498 and 996 pg GLY kg™' dry soil,
respectively. Analytical measurements of GLY were not
carried out in the short-term bioassay samples. The appli-
cation of herbicide was made following the same procedure
used in the sub-chronic bioassay. After the separator was
removed, ten earthworms of 300—-600 mg were placed in the
center of the container. The design was completely ran-
domized with five replicates per treatment following the
methodology by Amorim et al. (2005). The experiment was
performed in a chamber in a 14:10 h light:dark photoperiod
atatemperature of 22 + 2°C. After 48 h the removable split
was reintroduced and the individuals of each section were
counted and weighed. The results of the counting were
expressed as net response (NR) in percentage according to
ISO (2005): NR = ((C — T)/N) x 100 where C is the
number of observed worms in the control soil, T is the
number of worms in GLY treated soil and N is the total
number of worms (Amorim et al. 2005). A positive NR
indicates avoidance of the treated soil whereas 0 % or a
negative value indicates a non-response or attraction to the
pesticide tested. Only average values >80 % could be con-
sidered as indication of an impact on behavior (Amorim
et al. 2005; ISO 2005).

The activities of catalase (CAT) and glutathione
S-transferase (GST), the total protein content and the lipid
peroxidation (LPO) were examined 28 DAA in the sub-
chronic bioassay and after 48 h in the avoidance behavior
experiment. Whole body tissues were flash—frozen in liquid
N, and stored at —80°C. Cytosolic enzymes were extracted
following Wiegand et al. (2000) without the purification
step. The activity of GST was determined in duplicate at
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340 nm, using 1-chloro-2, 4-dinitrobenzene (CDNB) as
substrate, according to Habig et al. (1974). CAT activity
was determined in duplicate, following the decomposition
of H,O, at 240 nm (Claiborne 1985). The total protein
content was assessed spectrophotometrically following the
method of Bradford (1976), using bovine serum albumin
solution as standard. Enzyme activities were reported in
nano Kkatals per mg of protein (nkat. mg~" prot), where 1
katal correspond to the conversion of 1 mol of substrate
per second. Lipid peroxidation was determined by mea-
suring the formation of thiobarbituric acid reactive sub-
stances (TBARs) following Oakes and Van Der Kraak
(2003). TBARs was measured in the spectrophotometer
(Aaps = 532 nm). TBARSs content was expressed as nano-
moles per mg of fresh tissue using a molar extinction
coefficient of 1.56 x 10° M~' cm™".

To test significant differences between mean biomass
values, a repeated measures — ANOVA test was performed
(o0 = 0.05). For cocoon and juvenile numbers ANOVA test
was used (o0 = 0.05). When differences between the means
were detected the least significance difference (LSD) test
was used (o = 0.05). Data normality and homogeneity of
variances were always confirmed. For biochemical
biomarkers in the short-term experiment, pair-wise Stu-
dent’s ¢ test was used (oo = 0.05). For biochemical
biomarkers at the 28 DAA the Dunnett’s test was per-
formed (o0 = 0.05). All analyses were done with R version
3.1.1(R Development Core Team 2014).

Results

No mortality of O. cyaneum was observed during the
subchronic assay-irrespective of the GLY concentration.
The average earthworm biomass (measured in mg of wet
weight) ranged from 350 to 490 mg, being not significantly
different at all time points (p > 0.05) (Table 1). In addi-
tion, repeated measure analysis was performed to check for
differences in the biomass development over time but no
changes were observed (p > 0.05). At 28 and 56 DAA, the
cocoons and juveniles numbers did not show differences
among treatments (p > 0.05) (Table 1).

No mortality of O. cyaneum was observed at the ter-
mination of the avoidance test. A slight deviation from
zero (NR = 17.5 %) was observed at 249 pg GLY kg™
dry soil (Fig. 1). A negative net response at 498 and
996 pg GLY kg~ ' dry soil was observed (Fig. 1).

Biochemical biomarkers were studied in O. cyaneum in
both the subchronic and the short-term bioassays. Inhibi-
tion of GST was observed in earthworms exposed to
535 ug GLY kg™' dry soil at 28 DAA (p = 0.035)
(Table 2). No differences in total protein content, CAT
activity or TBARs content were detected 28 DAA for any

Table 1 Biomass, cocoon and juveniles numbers of Octolasion cyaneum exposed to glyphosate (GLY)

Juveniles number

Cocoon number

Biomass in wet weight (mg)

Concentration of GLY (pg a.i. kg™ 'soil)

21 DAA 28 DAA 28 DAA 56 DAA 28 DAA 56 DAA

14 DAA

7 DAA

394.6 £ 305 a 3409 £ 17.0 a 20+ 1.0a 6.0+ 1.0a 1.0+ 13a 50+ 10a

4314 £250a

464.1 £ 222 a

Control
134

20£13a 90+30a 20+ 13a 50+20a

449.8 £ 53.0 a 3924 +£41.7 a 3535+ 248 a

480.5 £ 532 a
493.1 £ 98 a

90+ 10a 1.0£08a 60+£20a
80+30a

20+ 1.7a

398.8 £285a 371.1 £ 11.8 a

4548 &+ 144 a

189
329
440

6.0+£20a

1.0£05a

10+13a

420.7 £ 28.0 a 3713 £327a 3382 £ 162 a

4714 £ 302 a

381.7 £ 253 a 3417 £ 144 a 1.0+£10a 50+10a 1.0+ 06a 30+20a

4283 +£209a

4604 £ 215a

1.0+ 06a 70+£50a 1.0+05a 60+40a

456.6 +20.0 a 402.8 =236 a 356.5 £ 26.1 a

493.1 £ 129 a

535

Values are expressed as mean =+ standard deviation. The same letters indicate no significant differences among treatments (p > 0.05, LSD test)
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Fig. 1 Avoidance behavior of
Octolasion cyaneum when
exposed in a control versus
contaminated with glyphosate
(ug ai. kg™! soil) after 48 h.
Triangles mean. Circles
replicates

Avoidance response (%)
-100 -80 -60 -40 20 0 20 40 60 80 100
1

o)

249

498

996

Concentration of glyphosate (ug a.i. kgf1)

Table 2 Effect of concentration of glyphosate (GLY) (ug a.i. kg™
soil) on the Glutathione S-transferase (GST) and Catalase (CAT)
activities, thiobarbituric acid reactive substances (TBARs) and total

protein (TP) contents in Octolasion cyaneum at 28 days after
application during the subchronic bioassay

Concentration of GLY

GST (nkat mg ™'

CAT (nkat mg™"

TBARS (mmol mg~" FW)

TP (mg g~' FW)

(pg ai. kg™! soil) protein) protein)

Control 0.031 + 0.005 743 £ 24 0.120 £+ 0.038 1106.13 £ 295.5

134 0.034 + 0.003 842 £23 0.083 £+ 0.013 1384.06 + 116.9

189 0.034 £+ 0.011 829+ 1.9 0.076 £ 0.006 1878.50 + 875.6

329 0.035 £+ 0.004 10.06 £ 0.3 0.107 £+ 0.026 1357.72 + 159.7

440 0.025 £+ 0.005 6.84 £ 0.1 0.075 £+ 0.004 2015.54 + 171.9

535 0.015 + 0.004* 9.51 £ 0.5 0.112 £ 0.004 113490 + 1177.3

Values are expressed as mean + standard deviation
* Significant differences from the control (p < 0.05, Dunnett’s test)

GLY treatment relative to the controls (p > 0.05)
(Table 2). In the short-term experiment, O. cyaneum
showed lower CAT activity in the 498 png GLY kg™' dry
soil section relative to the respective control section
(p = 0.005) (Table 3). No differences in GST activity or
TBARS and total protein contents between GLY sections
and their respective control sections were found (p > 0.05)
(Table 3).

Discussion

Zhou et al. (2013) found no significant differences in
weight or the cocoon production in E. fetida exposed to
25 x 10°-200 x 10° pg GLY kg=' dry soil after 28
DAA. Even though, 100 % mortality at 7 DAA have been
reported by Garcia-Torres et al. (2014) in O. tyrtaeum
exposed to 50 x 10° pg GLY kg™' dry soil, certainly
concentrations in both cases much higher than those found
in the field and used in the present work. Therefore, at very
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high concentrations GLY can exert differential responses
in earthworms. In contrast, recommend field applications
rates of GLY have been reported to reduce the weight
(Correia and Moreira 2010), and to decrease the feeding
activity (Casabé et al. 2007) in the epigeic specie E. fetida.
Therefore, species sensitivity constitutes a critical factor in
the response to pesticides in soil. While E. fetida is inter-
nationally recognized for its use in ecotoxicological tests,
the genera Octolasion is found in many Argentine agri-
cultural ecosystems from Buenos Aires and Cérdoba pro-
vinces as well as in other countries such as Uruguay,
Australia, United States of America, India and in Europe
(Mischis 2000). Also E. fetida is not a truely soil-dwelling
species (De Silva et al. 2010), O. cyaneum is an endogeic
earthworm. Therefore, its wide geographical distribution
and its prefered habitat encourage the consideration of O.
cyaneum as an alternative test species.

The low NR observed at 249 pg GLY kg™' dry soil
indicates an avoidance behavior, but according to Amorim
et al. (2005) it should be interpreted as no evidence of an
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Table 3 Effect of concentration of glyphosate (GLY) (ug a.i. kg™

soil) on the glutathione S-transferase (GST) and catalase (CAT)
activities, thiobarbituric acid reactive substances (TBARs) and total

protein (TP) contents in Octolasion cyaneum after 48 h of exposure in
the avoidance test

Concentration of Side of the GST (nkat mg~" CAT (nkat mg™" TBARS TP (mg g~' FW)
GLY (ug a.i. kg™ 'soil) experimental unit protein) protein) (mmol mg~" FW)

249 Control soil 0.62 £ 0.2 2086.6 £ 436.7 022 £0.2 4.07 £ 0.5

249 GLY treated soil 0.63 £+ 0.1 2083.9 £ 7779 0.17 £ 0.1 425 £ 0.5

498 Control soil 0.44 £+ 0.1 2765.4 £+ 605.9* 0.17 £ 0.1 3.96 £ 0.6

498 GLY treated soil 0.50 + 0.1 2040.6 £+ 830.2* 0.20 £ 0.1 398 £ 0.6

996 Control soil 0.54 £ 0.2 1726.3 & 373.0 025 £ 0.1 5.61 £ 1.1

996 GLY treated soil 0.58 0.2 1507.7 + 345.1 0.18 £ 0.1 5.07 £ 0.7

Values are expressed as mean =+ standard deviation

* Indicates statistical differences between control and treated with glyphosate in the experimental unit (paired ¢ test, p < 0.05)

effect in the tested concentration because the value was not
significant. Although GLY was found to be non-toxic for
Pontoscolex corethrurus and E. andrei, a significant
avoidance behavior at a concentration of 47 x 10°
pg GLY kg™' dry soil was reported (Buch et al. 2013),
certainly a higher concentration than the currently applied.

Although GST enzymes are part of the phase II meta-
bolism, these enzymes can also function as antioxidant
enzymes catalyzing the reduction of organic hydroperox-
ides (Koenig and Solé 2012). The effect of oxidative stress
has also been tested in the endogeic earthworm Aporrec-
todea caliginosa exposed to a low concentration of
2.5 x 10° pg GLY kg™ ! dry soil (Givaudan et al. 2014).
Their results at 28 DAA showed only inhibition of GST,
similarly to our data in O. cyaneum, indicating that the
biomarkers used did not give a clear indication of oxidative
stress under subchronic exposure.

However, O. cyaneum exposed during 48 h to
498 pg GLY kg™' dry soil (~0.5 ug GLY g~ dry soil)
showed a significant decrease of CAT activity, noteworthy
at a test concentration corresponding to the recommended
application rate of the commercial formulation. A similar
response was reported in A. caliginosa exposed to
2.5 x 10°ug GLY kg™' dry soil during 72 h (Givaudan
et al. 2014). In both cases the same response in the
antioxidant enzyme was observed, although the specimens
of A. caliginosa used in their bioassay proceed from a GLY
pre-exposed population. Therefore, the response observed
for CAT and the lack of positive response in TBARS
content and GST activity suggest the effect of oxidative
stress without oxidative damage. The differential responses
observed between the short-term and subchronic assays are
expected because GST enzymes can show an adaptive
response while antioxidants like CAT mostly react after
short-time exposures.

Under stress invertebrates can mobilize proteins as an
energy source, although lipids are generally utilized first

(Mayer et al. 1992). Both biomolecules have been observed
to be low at highest soil pesticide contents, indicating
higher energetic demands under pesticide exposure (Gi-
vaudan et al. 2014). However, these parameters are known
to react only when the organisms are near death (Mayer
et al. 1992), and this was not the case of O. cyaneum in the
present work. Therefore, the use of total protein as a bio-
marker is suggested not to be included in future studies.

Finally, our results indicate that environmentally rele-
vant concentrations of GLY (up to 996 ng GLY kg_l dry
soil) did not exert a toxic effect to O. cyaneum. Therefore,
the battery of biochemical and behavior biomarkers
selected was not useful to detect potential sublethal effects
induced by GLY.
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