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Abstract We investigated the effects of exposure to
molluscicidal metaldehyde (MET) on golden apple
snail (GAS) Pomacea canaliculata and Rhinella
arenarum tadpoles by assessing mortality and/or
other effects via: acute toxicity assays; B-esterase
activities (acetilcholinesterase (AChE) and
carboxilesterase (CbE)) and oxidative responses
(glutathione-S-transferase (GST) and catalase
(CAT)). The effect of sublethal concentrations of
MET was also analysed by assessing biochemical
changes and swimming parameters in tadpoles. The
LCsg value in P. canaliculata was as 0.50 mg L!
and in R. arenarun tadpoles, 229.7 mg L' at 48 h.
The intestine of MET-exposed P. canaliculata ex-
hibited a significant reduction in CbE and CAT
activities, but not in AChE activity; hepatopancreas
of GAS showed a decreased GST activity decreased
with respect to control individuals. In addition, a
significant reduction of CbE activities was detected
in R. arenarum tadpoles exposed to MET, and
AChHE presented lower values than the control but
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without statistical differences. Antioxidant enzymes
(GST and CAT) were significantly reduced in tad-
poles exposed to MET compared with the control
group. In addition, MET had a significant effect on
the swimming behaviour of R. arenarum. Finally,
since amphibian tadpoles and P. canaliculata often
co-occur, other native amphibian species should be
studied to elucidate the ecological risk of MET to
amphibian populations.

Keywords Pomacea canaliculata - Rhinella arenarum -
Enzymes - Swimming parameters - Metaldehyde

1 Introduction

The golden apple snail (GAS) Pomacea canaliculata
(Lamarck) is a polyphagous and voracious Neotropical
freshwater gastropod native to South America. Due to
its rapid reproduction, growth and spread (Lach et al.
2000; Boland et al. 2008), the species has become one of
the greatest pests in rice-producing countries (Cowie
2002) and one of the 100 most harmful invasive species
worldwide (Hayes et al. 2008). This species feeds vora-
ciously on freshwater vegetation, especial rice shoots
(Carlsson et al. 2004), and finds in this type of crop
suitable conditions for development, mainly due to the
high concentrations of nutrients and phytoplankton bio-
mass (Carlsson et al. 2004). The most common method
to control this snail has been the use of molluscicides
(Joshi et al. 2002), but these are very toxic to non-target
organisms and destroy the ecosystem (Wu et al. 2010).
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One of the most commonly used molluscicides is met-
aldehyde (Henderson and Triebskorn 2002). The modes
of action of this pesticide in snail is well documented,
with metaldehyde inducing severe alterations and ultra-
structural destruction in mucocytes, leading to dehydra-
tion and subsequent death (Triebskorn et al. 1998).
Amphibian tadpoles and GAS coexist naturally in
agroecosystems, particularly in rice fields
(Bambaradeniya et al. 2004). Molluscicides with novel
modes of action are extensively used in these cropping
systems throughout the world, but few studies have
examined their ecotoxicological impacts on amphibians.
In the last years, toxicological studies of amphibians as
non-target organisms have increased (Sanchez-Bayo
2012), principally because insecticides are one of the
main causes of global decline of this animal group (e.g.
Sparling and Fellers 2009; Mann et al. 2009). Those
studies have identified enzyme activities as important
early signals indicating adverse pesticide effects
(Ossana et al. 2013; Attademo et al. 2014a, b). Accord-
ingly, B-type esterases participate in the detoxification
of different pesticides (Wheelock et al. 2008) and can be
used as biomarkers to identify risks from pesticides in
amphibian species (Sparling and Fellers 2009; Ferrari
et al. 2011; Attademo et al. 2015). Aldridge (1953)
classified these hydrolase enzymes as A- and B-ester-
ases, and within the B-esterases, he determined cholin-
esterases (ChEs) and carboxylesterases (CbEs). ChEs
include acetylcholinesterase (AChE; EC 3.1.1.7) and
butyrylcholinesterase (BChE; EC 3.1.1.8), whereas
CbEs (EC 3.1.1.1) consist of multiple isozymes that
vary with both tissue and organism and play significant
roles in the metabolism and subsequent detoxification of
many agrochemicals (Wheelock et al. 2008). Further-
more, given the potential damage of free radicals and
hyperoxides, and the possible direct effect of several
oxidants on cell components, the cell defense systems
become very important (Halliwell and Gutteridge
2007). Accordingly, there is an antioxidant system com-
posed of a group of enzymes and compounds of low
molecular weight, such as glutathione-S-transferase
(GST; EC 2.5.1.18) and catalase (CAT; EC 181.11.1.6)
(Cnubben et al. 2001). Another indicator of pesticide
damage to amphibians is swimming performance of
tadpoles, which evidences sublethal stress associated
with exposure to toxic chemicals; indeed, immediately
after exposure to the contaminant, tadpoles show alter-
ations in swimming activity (Almeida et al. 2010;
Denoél et al. 2012). Some behavioural functions, such
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as foraging, predator avoidance, parental behaviour and
migration, may have an indirect negative effect on pop-
ulation dynamics (Cohn and MacPhail 1996).

The aim of the present study was to determine the
effects of exposure to molluscicidal metaldehyde (MET)
on GAS (P. canaliculata) and Rhinella arenarum tad-
poles by assessing mortality and/or effects via: acute
toxicity assays, B-esterase (AChE and CbE) and oxida-
tive responses (GST and CAT) activities. Attention has
also been focused on the effect of sublethal concentra-
tions of MET by assessing biochemical changes and
swimming parameters in amphibian tadpoles. The ob-
tained information may help to assess and characterise
potential risks of the application of this insecticide, and
therefore contribute with the mitigation of ecological
effects on wild amphibian fauna.

2 Materials and Methods
2.1 Species Selection
2.1.1 GAS P, canaliculata

Adult specimens (length =33. 45 +2.68 mm, weight =
16.52+2.43 g) of P. canaliculata were manually col-
lected from a semipermanent pond at the University
Ecological Reserve in Santa Fe city (31° 38’ 26.0" S—
60°40' 20" W Santa Fe province, Argentina) in Novem-
ber 2015. The collected animals were maintained in
glass aquaria containing de-chlorinated tap water
(DTW; pH 7.40 £ 0.05; conductivity, 165+ 10.5 wmhos
em '; dissolved oxygen concentration, 6.0 + 1.5 mgL
and hardness, 54.8 mgLﬁ1 of CaCOs) for acclimatisation
to laboratory conditions (12/12-h light/dark cycle and
23+1 °C) for at least 2 days before exposure to the
insecticide.

2.1.2 Non-target Tadpole’s R. arenarum

Non-target tadpoles of R. arenarum were selected as
model organisms in ecotoxicology (Lajmanovich et al.
2013). This common anuran has an extensive Neotrop-
ical distribution (Vaira et al. 2012) and is frequently
found in wetlands, agricultural land and urban territories
(Peltzer et al. 2006). Eggs were collected with dip net
from temporary ponds in artificial wetlands (31° 39’
52.90" S-60° 42" 50.20" W, South Park Lake, Santa
Fe, Santa Fe province, Argentina) in October 2015;
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these sites had not been treated with chemical or biolog-
ical pesticides, as determined by the laws for wildlife
protection. Eggs collection was authorised by the
Ministerio de Aguas, Servicios Publicos y Medio
Ambiente, Santa Fe province, Argentina. The eggs were
transported to the laboratory and maintained in 10-L
glass aquaria filled with DTW under natural photoperi-
od 12 L/12D (light/dark) at 23+ 1 °C. The eggs were
allowed to develop until tadpoles reached Gosner stage
31 (Gosner 1960). Tadpoles (total length =28.60 =
0.30 mm, weight=0.090+0.01 g) were fed boiled let-
tuce until the start of the experiment.

2.2 Molluscicidal Assay

Short-term static toxicity tests (48 h, Lajmanovich et al.
2013) were conducted using MET insecticide (20 %
active ingredient (a.i.), metaldehyde 2,4,6,8-
tetramethyl-1,3,5,7-tetraoxycyclo-octane), a commer-
cial liquid formulation of Babosil Super produced by
NINIVE SACIFIA (Argentina). Here, the pesticide was
tested as a complex commercial mixture, the mode of
application to crops. In addition, the contribution of
other inert ingredients contained in formulations to am-
phibian pesticide toxicity has been demonstrated (e.g.
Relyea and Jones 2009).

Glass aquaria (12.5 cm in diameter and 13.5 cm in
height) containing 1 L of test solution were used in the
acute experiments. Each aquarium was covered with a
mosquito net to prevent GAS from escaping. Laboratory
toxicity tests were conducted at 22 +2 °C at a 12/12-h
light/dark cycle. Because of the lack of information in
the literature about the effects of MET exposure on GAS
and amphibians (particularly on native species), the first
step was to assess the direct toxicity of the molluscicidal
on GAS (P canaliculata) and R. arenarum tadpoles.
Range-finding toxicity tests consisted of exposing
GAS and tadpoles to MET to estimate the median lethal
concentration (LCsg). The nominal concentrations used
to test toxicity were: 0.25, 0.50, 1, 2,4, 8 and 16 mg L!
for GAS and 0.25, 0.50, 1, 2, 4, 8, 16, 32, 64, 128, 256
and 512 mg L™ for tadpoles plus a negative control with
DTW. Treatments were randomly assigned to the con-
tainers and to the sampling order. Both control and test
suspensions were carried out in triplicate with six GAS
and seven tadpoles per aquarium (n =90 and 252, re-
spectability). Mortality of GAS and tadpoles was re-
corded every 24 h, and cumulative mortality in each
treatment was calculated at 48 h of exposure. Dead GAS

and tadpoles were removed to avoid contamination of
aquarium water during the experiment.

2.3 Enzyme Assays

For biomarker assessment, after the end of the experi-
ments each snail (survival rate >85 % at 48 h) was
dissected and digestive organs (intestine and hepatopan-
creas) were removed; these organs were found to be
involved in pesticide detoxification (Attademo et al.
2014b). Snail tissues were washed in distilled water
and placed on filter paper to remove excess fluids. To
examine the vulnerability of tadpoles to MET, effect of
exposure was assessed by evaluating changes in enzy-
matic level and swimming parameters at the sublethal
concentrations tested in snails. The tested concentrations
were also found at relevant concentrations in the envi-
ronment (Lazartigues et al. 2012). It has been demon-
strated that a chemical at relevant environmental con-
centrations does not necessarily cause mortality but may
significantly disrupt biological functions (e.g. Weis and
Candelmo 2012; Peltzer et al. 2013): in addition, these
values (0.25 and 0.50 mg L ') were considered useful in
the risk assessment process to identify sublethal effects
on non-target organisms in the environment (US EPA
1992). Individuals of both tested were euthanised ac-
cording to ASIH et al. (2011) criteria and with approval
from the animal ethics committee of the Faculty of
Biochemistry and Biological Sciences. Whole tissues
for GAS (intestine and hepatopancreas) and tadpoles
were homogenised (on ice) in 20 % (w/v) buffer con-
taining 0.1 % t-octylphenox-y polyethoxy ethanol
(Triton X-100) in 25 mM tris-(hydroxymethyl) amino
methane hydrochloride (pH 8.0) using a polytron. The
homogenates were centrifuged at 10,000 rpm at 4 °C for
15 min, and the supernatant was collected and frozen at
—80 °C until assayed for enzymatic determination.

2.4 B-esterase Response

ACHE activity was determined colorimetrically follow-
ing the procedure of Ellman et al. (1961). The reaction
mixture (final volume (F.V.)=930 uL)) consisted of
25 mM Tris-HCI containing 1 mM CaCl, (pH=7.6),
10 uL 20 mM acetylthiocholine iodide (AcSCh) and
50 uL DTNB (3 % 10 M, final concentration). Varia-
tion in optical density was measured in duplicate at
410 nm at 25 °C for 1 min using a Jenway 6405 UV-
VIS spectrophotometer. Total protein concentrations in
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the supernatants were determined using the Biuret meth-
od (Kingbley 1942). AChE activity was expressed in
nanomoles of hydrolysed substrate per minute per
milligramme of protein using a molar extinction coeffi-
cient of 13.6x 10> M' cm™'. CbE was determined
using 1-naphthyl acetate (1-NA) substrate, and specific
enzyme activity was expressed as nanomoles per minute
per milligram of protein. The hydrolysis of 1-NA by
CbE was measured as described by Gomori (1953) and
adapted by Bunyan and Jennings (1968). The reaction
medium (F.V.=1950 pL) contained 25 mM Tris-HCl,
1 mM CaCl, (pH =7.6) and sample. The reaction was
initiated by adding 50 puL «-naphthyl acetate
(1.04 mg mL" in acetone) after a preincubation period
of 5 min at 25 °C. The formation of naphthol was
stopped after 10 min by adding 500 puL of 2.5 % sodium
dodecyl sulphate and subsequently 0.1 % of Fast Red
ITR in 2.5 % Triton X-100 in deioniser water (prepared
immediately before use). The samples were allowed to
develop in the dark for 30 min, and the absorbance of
the complex was read at 530 nm (using a molar extinc-
tion coefficient of 33.225 x 10> M cm ™).

2.5 Oxidative Response

GST activity was determined spectrophotometrically
using the method described by Habig et al. (1974) and
adapted by Habdous et al. (2002) for mammal serum
GST activity. The enzyme assay was performed at
340 nm in 100 mM Na-phosphate buffer (pH 6.5)
(F.V.=920 uL), 20 uL of 0.2 mM 1-chloro-2,4-dinitro-
benzene, 50 uL of 5 mM reduced glutathione and the
sample. Enzyme kinetics assays were performed at
25 °C, and whole GST activity was expressed as micro-
moles per minute per milligram of protein using a molar
extinction coefficient of 9.6 x 10* M ' ecm ™.

CAT activity was measured using the method de-
scribed by Aebi (1984), and was expressed as micro-
moles H,O, per minute per milligram of protein using a
molar extinction coefficient of H,O, 40.10> L mol cm™ .
The reaction medium was 50 mM phosphate buffer (pH =
7.2) and 30 mM H,O, and absorbance was read on the
spectrophotometer at a wavelength of 240 nm at 25 °C

(quartz cuvette).
2.6 Analysis of Swimming Activity

Behavioural alterations can be measured as endpoints
for sublethal MET toxicity. Swimming behaviour was
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immediately tested after exposure for 2 h. One larva was
released at the centre of a Petri dish (15 cm diameter,
2 cm height) filled with 200 mL of DTW. After 30 s of
acclimatisation, behavioural variables were recorded
during 3 min using a digital video-camera (Motic®,
10.0 mega pixel) placed just above the dishes. Each
tadpole was treated as an independent experimental unit
(Van Buskirk and McCollum 2000), and ten replicates
were performed for each MET concentration, including
the control. Videos (avi format) were analysed automat-
ically using Smart 3.0.02 (Panlab Harvard Apparatus).
In our sep-up, the immobile threshold was 10 %, and
below this value tadpoles were considered immobile.
The following four behavioural endpoints were
analysed: mean speed (cm s ), total distance moved
(cm), immobility (s) and global activity (cm?).

2.7 Statistical Analysis

Lethal concentration (LCsg) values and their respective
95 % confidence limits (95 % CL) were determined
using the Trimmed Spearman-Karber method
(Hamilton et al. 1977). The criterion of non-
overlapping 95 % confidence intervals (APHA 1989)
was used to determine significant differences (P <0.05)
between LCs, values. The data of enzymatic activity
were expressed as means + standard error (SEM).
Mann-Whitney U was used to compare B-esterases
and GST activities between control and exposed
P. canaliculata. In tadpoles, Kruskal-Wallis and Dunn
post hoc tests were used to compare enzymatic activity
and swimming parameters between control and exposed
animals (Zar 1999). Normality and homogeneity of
variances were verified using the Kolmogorov-
Smirnov test and the Levene test, respectively. Statisti-
cal analyses were performed using GraphPad InStad®.
The criterion for significance was p 0.05.

3 Results
3.1 Acute Toxicity Tests

The calculated 48 h acute LCsq value (95 % CL) based
on the Trimmed Spearman-Karber of MET on GAS was
0.50 mg L' (0.36-0.70) and on R. arenarum tadpoles,
229.7 mg L' (184.52-286.04). No mortality was ob-
served in the control treatment in either experiment. The
LCsq values were stabilised at 24 h of exposure.
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3.2 B-esterase and Oxidative Stress Enzymes
in Digestive Tissues in P. canaliculata

3.2.1 Hepatopancreas

The activities of AChE, CbE and CAT (mean = SEM) in the
liver of the control group were 6.08 + 1.25 nmol min ' mg ™’
protein, 53.35 + 4.66 nmol min' mg " protein and 47.11 +
3.98 umol min~' mg " protein at 48 h, respectively. AChE,
CbE and CAT activities did not vary significantly between
treatments (Mann-Whitney U=68; p 0.05; U=69; p

0.05and U=60;p 0.05, respectively) with respect to con-
trol (Fig. 1a, b, and d). The mean value of GST activity in the
hepatopancreas of P. canaliculata control individuals was
189.05 + 18.56 nmol min ' mg 'at 48 h. GST activity was
significantly lower in hepatopancreas of individuals
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exposed to MET than in the control group (U=36; p
0.05; Fig. 1c).

3.2.2 Intestine

AChE activity in the intestine of the control group was
5.99+0.88 nmol min ' mg ' proteins at 48 h. AChE
activity in treatments (U=64; p 0.05; Fig. 2a) did not
vary significantly from control. CbE and GST activities in
intestine of P. canaliculata individuals was 12.13 +
1.63 nmol min~' mg™' protein and 178.55+
22.08 nmol min~' mg ' protein at 48 h. CbE and GST
activities increased significantly in MET-exposed individ-
uals compared with control (U=12; p <0.05 and U= 20;
p<0.05) (Fig. 2b, c). CAT activity (mean + SEM) in the
intestine of the control group was 12.37+
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Fig. 1 Comparative values of enzymatic activity in hepatopancreas of P. canaliculata. a Acetylcholinesterase (AChE). b Carboxylesterase
(CbE). ¢ Glutathione-S-transferase (GST) and d catalase (CAT). Bars represent the mean + SEM. *p < 0.05 compared with the control at 48 h
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Fig.2 Comparative values of enzymatic activity in intestine of P. canaliculata. a Acetylcholinesterase (AChE). b Carboxylesterase (CbE). ¢
Glutathione-S-transferase (GST) and d catalase (CAT). Bars represent the mean = SEM. *p < 0.05 compared with the control at 48 h

1.67 umol min ' mg ™" protein at 48 h. CAT activity was
significantly lower in intestine of individuals exposed to
MET than in the control group at 48 h (U=38; p 0.05
Fig. 2d).

3.3 B-esterase and Oxidative Stress Enzymes
in R. arenarum Tadpoles

The mean value of the AChE activity in control tadpoles
was 14.74+0.94 nmol min~' mg 'protein at 48 h. The
tested MET concentrations did not affect AChE activities
significantly (Kruskal-Wallis (KW)=5.58; p 0.05;
Fig. 3a). Control CbE activities were 10.90
0.88 nmol min ™' mg ' protein at 48 h. CBE activities were
affected significantly by MET concentrations (KW =
16.08; p<0.05). CbE inhibitions at each concentration
differed significantly from the control (Dunn post hoc test;
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Fig. 3b). The mean value of GST activity in control
tadpoles was 115.11 £21.01 nmol min"' mg ™" proteins
at 48 h. The assayed commercial formulation decreased
GST activities significantly (KW = 6.44; p < 0.05), differ-
ing significantly from the control GST activity at 0.25 and
0.50 mg L (Dunn post hoc test p < 0.0, Fig. 3c). Control
CAT activity was 45.51 +3.94 umol min ' mg ™' protein at
48 h. Likewise, CAT activity was significantly reduced by
MET (KW = 6.24; p <0.05). CAT activity differed signif-
icantly from the control at all concentrations (Dunn post
hoc test p < 0.05; Fig. 3d).

3.4 Behavioural Endpoints in R. arenarum Tadpoles
Sublethal exposure to MET caused alteration to swimming

endpoints (Table 1). The exposure of R. arenarum to the
molluscicidal had a significant effect on three of the four
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Fig.3 Comparative values of enzymatic activity in R. arenarum. a Acetylcholinesterase (AChE). b Carboxylesterase (CbE). ¢ Glutathione-
S-transferase (GST) and d catalase (CAT). Bars represent the mean += SEM. *p <0.05 compared with the control at 48 h

swimming endpoints: mean speed (KW = 6.34; p <0.05),
distance moved (KW =6.18; p<0.05) and immobility
(KW =5.44; p <0.05). Post hoc tests showed that tadpoles
exposed to MET increased their mean swimming speed
and travelled greater distances at 0.25 mg L™ and were
immobile for a shorter period (0.25 and 0.50 mg L™).

4 Discussion

The use of pesticides in agriculture poses a great threat to
ecosystems, with their indiscriminate application having
raised global concern (Geiger et al. 2010; Mann et al.
2009). The adverse effects of pesticides lie in the

Table 1 Summary of swimming parameters of R. arenarum tadpoles statistically affected by exposure to metaldehyde (MET) after 2 h

Swimming parameters Treatments

Control 0.25 MET 0.50 MET
Mean speed (cm sh 32403 4.1+£0.2% 3.0£04
Total distance moved (cm) 576.5+57.1 742.3 +£44 2% 541.1+£57.3
Immobility (s) 13.8+6.1 4.9+3.6% 1.14+0.9*
Global activity (cm?) 1992.7+165.5 2172.9+86.7 2522.9+368.6

Data are expressed as mean + SEM

*p < 0.05 compared with the control
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multiplicity, toxicity and persistence, even when small
rates are applied. Here, we studied a P. canaliculata and
non-target (R. arenarum) species. The results clearly
showed that the LCsq value in P. canaliculata was
0.50 mg L ™" at 48 h. This observation is in agreement with
findings of Cagauan and Joshi (2002), who determined
that this pesticide was extremely toxic (0.84 mgL™") in
P, canaliculata. Joshi et al. (2005) reported an LCs, value
of 44 mg L™ in the bioassay with standard commercial
molluscicide (MET) in P. canaliculata.

A significant induction of CbE and GST activity was
detected in the intestine of P. canaliculata exposed to
MET, whereas CAT activity was lower in P. canaliculata
than in control individuals. In hepatopancreas, GST
exhibited lower values than those of control
individuals. Unlike our observations, Triebskorn
(1991) observed a significant reduction of CbE activity
in the slug Deroceras reticulatum exposed to MET.
According to the known role of CbE in detoxification
of pesticides, over-expression or induction of CbE may
be involved in the resistance mechanism of exposed
organisms (Maxwell and Brecht 2001; Wheelock et al.
2008). In addition, in other aquatic invertebrates CbE
activities were found to be more sensitive than ChE
activities at different pesticides (Basack et al. 1998;
Kristoff et al. 2012). Likewise, MET did not have any
effects on the AChE activity of the isopod Porcellionides
pruinosus, as we observed in our study with snails. A
decrease in AChE activity in the nervous tissue of the
snail Lymnaea acuminata produced by MET was report-
ed (Tiwari et al. 2008). On the other hand, in the isopod
species P. pruinosus inhibition of GST was found after
24 and 32 h of exposure to MET (Drobne et al. 2008). In
snails, the induction of GST may be linked to a high
detoxification of contaminants (or endogenous com-
pounds), as demonstrated by Lee (1988). In addition,
CAT activity decreased in the intestine of P. canaliculata
with respect to control. Accordingly, previous studies
observed a significant decreased and increase in CAT
activity in terrestrial snails after exposure to MET (EI-
Wakil and Radwan 1991), suggesting a defense mecha-
nism against cell damage in the organism due to the
formation of reactive oxygen species. MET formulations
are applied to control aquatic snail pests in different
countries (Henderson and Triebskorn 2002). Metalde-
hyde is toxic to the GAS nervous system and has anaes-
thetic properties (Mills et al. 1989). Cheng (1989) dem-
onstrated that MET is quite selective for Pomacea spp.,
with no effect on other invertebrates or fish. Thus, we
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consider that there is no adequate chronic toxicity data
available on vertebrate species (e.g. amphibians). Acute
toxicity tests are a useful tool to exploring the toxicity of
a compound and its effect on a species, and contribute to
the assessment of ecotoxicological risk by showing the
earliest evidences of damage to exposed animals
(Lajmanovich et al. 2015). The 48-h LCs, value of
MET obtained in this study in R. arenarun tadpoles
(229.7 mg L") is considerably high and similar to other
non-target organisms, such as the fish Oncorhynchus
mykiss, with a 96-h LCsy of 75 mg L_l, and the carp
Ciprinus carpio, of 100 mg L' (Schnorbach et al.
2006). However, there are controversial results in the
literature about the risk of MET on non-target aquatic
organisms. Borlogan et al. (1996) found that MET is
non-toxic to juvenile milkfish (Chanos chanos) exposed
to concentrations of 25 and 175 mg L' for 7 days. At
these non-toxic MET concentrations, exposed individ-
uals may be affected by multiple sublethal effects (Stark
et al. 2007); hence, the use of biomarkers appears par-
ticularly suitable to assess impacts of pesticides on these
non-target organisms. A significant reduction of CbE
activities was detected in R. arenarum exposed to
MET, and AChE presented lower values than the control
but did not show statistical differences. Inhibition of
CbE activity by MET may have a similar toxicological
meaning than that by OP pesticides. It is well known that
these agrochemicals act as suicide substrates, binding to
the active site of CbE (Stenersen 2004; Wheelock et al.
2008). In addition, inhibition of CbE activity by surfac-
tants or pesticide is not surprising because detergents
might alter enzyme binding to its catalytic/anionic site
(Zhang et al. 2014). Likewise, surfactants may modify
enzyme solubility by disrupting cellular membrane or by
changing allosteric interaction of the enzyme structure
(Cserhati et al. 2002). Recent studies have reported that
other classes of substances such as pharmaceuticals in-
hibit CbE activity in different aquatic organisms (Solé
and Sanchez-Hernandez 2015). However, no data on the
effects of MET on CBE is available, and it would be
interesting to learn more about the role of this enzyme in
decoding this chemical. The analysis of antioxidant en-
zymes (GST and CAT) revealed a significant decrease in
tadpoles exposed to MET compared with the unexposed
control group. Furthermore, MET is known to produce
oxidative stress (Drobne et al. 2008). The interruption of
the balance between oxidants and antioxidants—either
by reduced antioxidant defences or by increased reactive
oxygen species— may produce oxidative stress
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(Valavanidis et al. 2006). Hence, GST and CAT provide
valuable information on the adaptive response of am-
phibians to toxic stress (Maninez-Alvarez et al. 2005;
Venturino and Pechen de D’Angelo 2005).

MET appears to have a stimulatory rather than a
sedative effect at both concentrations, since tadpoles
increased their mean mobility. However, the lower
MET concentration significantly increased swimming
speed and distances of R. arenarum larvae. Sublethal
exposure triggers different responses in tadpoles that
may involve a reduction (Brunelli et al. 2009; Denoél
etal. 2012) or an increase (Mandrillon and Saglio 2007;
Peltzer et al. 2013) of swimming activities and may be
linked to hormetic concentration response (Calabrese
2004), whereas lower MET concentrations stimulate
swimming behaviour. In addition, the effects of MET
on behaviour are typical of other pesticides, such as
pyrethroid (Berrill et al. 1993; Scott and Sloman 2004;
Robles-Mendoza et al. 2011). An excitatory effect on
muscle contraction in the zebra mussel was attributed to
MET (Putchakayala and Ram 2000); however, that ef-
fect was not due to an enhanced or inhibited effect of
acetylcholine, but to other mechanisms probably affect-
ing movement. Moreover, the most common symptoms
of MET intoxication are convulsions and coma (Booze
and Oehme 1985), which could explain the change in
swimming behaviour. Our results are the first to describe
MET effect on swimming behaviour of toad larvae.

5 Conclusion

The present study shows the importance of measuring a
battery of enzyme biomarkers (such as B-esterases and
oxidative stress) in different tissues (hepatopancreas and
intestine) to accurately assess the effect of MET on GAS
and non-target species, such as amphibian tadpoles.
Using this approach, we found that exposure of GAS
to MET produced significant induction of CbE and
GST, and inhibition of CAT activities in intestine,
whereas only GST was inhibited in hepatopancreas.
The effects of MET commercial formulation on Neo-
tropical tadpoles showed that sublethal exposure (0.25
and 0.50 mg L) affected B-esterase (CbE) activity and
oxidative stress (GST and CAT) and swimming param-
eters. Finally, since amphibian tadpoles and
P canaliculata often co-occur, other native amphibian
species should be studied to elucidate the ecological risk
of MET to amphibian populations.
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