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Abstract We investigated the effects of four commer-
cial formulations of herbicides (glyphosate [GLY],
metsulfuron-methyl [MET], bispyribac-sodium [BIS],
and picloram [PIC]) individually, and in three 50:50
mixtures (GLY–MET, GLY–BIS, GLY–PIC) on the
common toad Rhinella arenarum (Anura: Bufonidae)
tadpoles. Enzymatic parameters such as, glutathione
S-transferase (GST), butyrylcholinesterase (BChE)
and acetylcholinesterase (AChE) activities, as well as
erythrocyte nuclear abnormalities (ENA) were stud-
ied. Interactions between herbicides in mixtures were
evaluated and classified as additive, synergistic, or
antagonistic. Toxicity results (48-h LC50) showed that
PIC was the most toxic herbicide, followed by BIS,
GLY, and MET, while GLY–PIC was the most toxic
mixture, followed by GLY–BIS, and GLY–MET. All
commercial herbicide formulations and their mixtures
significantly inhibited BChE activity in exposed tad-
poles. The AChE activity was also inhibited by all

herbicides and their mixtures, except by GLY–
BIS. The inhibition of GST activity was only
significant for GLY, MET, PIC, and GLY–MET.
A significant increase in the frequency of ENA
was found for tadpoles exposed either to commer-
cial herbicide formulations or to mixtures, except
for GLY. All the mixtures showed synergism for
BChE activity while for AChE only the GLY–
MET and GLY–PIC mixtures acted synergistically.
GLY–MET showed synergism for GST, whereas
for ENA, the mixture GLY–BIS was antagonistic.
This study with R. arenarum tadpoles demonstrates
that the interactions between three of the most
intensively used herbicides in soybean crops
results in synergistic effects on mortality and neu-
rotoxicity and synergistic or additive effects in
genotoxicity.
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1 Introduction

In Argentina, like in many South American countries,
the expansion of agricultural land has caused exten-
sive habitat loss and degradation, which are among the
greatest current and future threats to biodiversity
(Dirzo and Raven 2003). In this context, a great
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mixture of pesticides and their residues are present in a
wide variety of aquatic habitats by agricultural lands
(Wharfe 2004; Abrantes et al. 2010). To understand
the effects of pesticides on amphibians, the natural
first step is to understand the direct toxicity of pesti-
cides. There are a growing number of excellent
laboratory-based, single-species toxicology experi-
ments that provide the LC50 values of different pesti-
cides (Relyea et al. 2005). However, amphibians in
nature live in much more complex environments that
contain a great number of pesticide mixtures (Relyea
2009). Mixtures of pesticides may cause undesirable
effects even if the individual substances are recorded
as being below their no-observed effect concentration
(NOEC) (Chèvre et al. 2008).

Glyphosate (GLY) [N-(phosphonomethyl) glycine]-
resistant crops (GLY-RCs) are the transgenic crops
most extensively grown worldwide, with soybean be-
ing the major GLY-RC (Gutterson and Zhang 2004).
The Monsanto Company (2002) stated that “normal
use” of GLY formulations (i.e., Roundup®) is not
expected to cause unreasonable adverse effects to
amphibians, including tadpoles (Giesy et al. 2000);
however, according to our experience, the GLY “nor-
mal use” is not always strictly followed in field crops.
On the other hand, numerous studies have reported
deleterious effects of GLY formulations on larval
amphibians (see the review of Govindarajulu 2008).
However, a strong scientific debate about the impact
of GLY on amphibians and human health remains
(Carrasco 2011; Relyea 2006; Saltmiras et al. 2011;
Thompson et al. 2006).

The intense use of GLY has increased the spread of
weeds with tolerance to this herbicide (Vidal et al.
2010), and in consequence, GLY is usually mixed with
a wide range of herbicides including metsulfuron-
methyl (MET) (Semino 2008), bispyribac-sodium
(BIS) (Valverde 2007), picloram (PIC) (O’Sullivan
and Kossatz 1982), in order to improve the control
of weed species. Furthermore, the mixtures can alter
the toxicity of individual compounds, with effects on
biological systems that can be antagonistic, additive or
synergistic (Streibig and Jensen 2000).

MET is a sulfonylurea herbicide extensively used
in agriculture, especially in rice and soybean fields
(Pratap and Mashiat 2004). The half-life of MET in
the soil is 30 days, and its water solubility is 9.5 mgl−1

(Barceló and Hennion 1997). Aquatic contamination
by this product may occur in and around agricultural

areas and may adversely affect aquatic fauna (Jonsson
and Maia 1998). BIS is a pyrimidinyl carboxy herbi-
cide very toxic to aquatic organisms, used to control
grasses, sedges and broadleaved weeds, especially
Echinochloa spp. (EFSA 2010). Water solubility of
BIS is 73.3 gl−1 and its half-life in soil is 60 days
(Rodrigues and Almeida 1998). PIC, in the pyridine
family of compounds, is a systemic herbicide used for
control of woody plants and a wide range of broad-
leaved weeds. It is very soluble in water (430 mgl−1),
but does not easily degrade in water; it is moderately
toxic to birds, fishes, honeybees and earthworms (Britt
et al. 2003). It has also been identified as an endocrine
disruptor (Wylie 2006). A 50:50 mixture of PIC and
2,4-D known as Agent White, was used during the
Vietnam War (Gupta 2009). PIC is listed in the soy-
bean herbicide effectiveness ratings as one of the new
options for weed management (Owen 2011).

Determinations of cholinesterases (ChEs) activity
in amphibians are important tools for characterizing
and monitoring exposure to pesticides (Sparling and
Fellers 2007). The effects of commercial herbicides
which affect ChEs (i.e., glyphosate, quinclorac,
metsulfuron-methyl, imazethapyr, imazapic, cloma-
zone) have been extensively studied in aquatic verte-
brates such as fish (da Fonseca et al. 2008; dos Santos
Miron et al. 2005, 2008; Glusczak et al. 2006, 2007;
Modesto and Martinez 2010; Moraes et al. 2007,
2011; Pretto et al. 2011; Rossi et al. 2011; Salbego et
al. 2010). Also, a recent study with glyphosate formu-
lations (Lajmanovich et al. 2011) suggests that this
herbicide inhibits ChEs in tadpoles.

Butyrylcholinesterase (BChE; EC 3.1.1.8) and ace-
tylcholinesterase (AChE; EC 3.1.1.7) are two ChEs
enzymes (Pezzementi et al. 2011). The main function
of AChE is the rapid hydrolysis of acetyl esters such
as acetylcholine, whereas BChE has no known specif-
ic natural substrate, although it is able to hydrolyze
acetylcholine (Valbonesi et al. 2003). It has been
reported that toxicity of anticholinesterase pesticides
mixtures may deviate from concentration addition if
the individual chemicals in a mixture interact via toxic
processes to produce either antagonistic, synergistic or
additive effects (Borgert et al. 2004). Moreover, glu-
tathione S-transferase (GST; EC 2.5.1.18) are a multi-
gene family of cytosolic enzymes involved in the
conjugation of electrophilic metabolites with the tri-
peptide glutathione to yield a water-soluble conjugat-
ed metabolite. GST activity is used as a biomarker of
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pesticide contaminated environment in ecological risk
assessment (Otitoju and Onwurah 2007). In addition,
some hematological parameters such as erythrocyte
morphology can also be used as biomarkers and have
potential applications in terrestrial and aquatic ecotox-
icological studies (Cabagna et al. 2005; Attademo et
al. 2011).

The objective of this study was to determine and
compare the effects of the individual formulations of
the herbicides: GLY, MET, BIS and PIC, and three
binary combinations (GLY and MET, GLY and BIS,
GLY and PIC) on Rhinella arenarum tadpoles. This
information would help the assessment and character-
ization of potential amphibian’s ecological risks after
the application of those herbicide mixtures.

2 Materials and Methods

2.1 Drugs

Acetylthiocholine iodide, butyrylthiocholine iodide,
5,50 dithiobis-2-nitrobenzoic acid salt were purchased
from Sigma-Aldrich® (Germany). Reduced glutathi-
one and 1-chloro-2,4-dinitrobenzene were supplied by
Acros-Organics® (USA). All other chemicals for bio-
marker assessment were obtained from Biopack®
(Argentina).

2.2 Experimental Design

Tadpoles of Rinella arenarum were selected as model
test organisms. This common anuran has an extensive
neotropical distribution (IUCN 2010), and it is fre-
quently found in forest, wetlands, agricultural land,
and urban territories (Peltzer et al. 2006). Its larvae
exhibit aggregative behavior (Schmajuk and Segura
1982) and have been recently characterized by their
sensitivity to GLY (Lajmanovich et al. 2011). Preme-
tamorphic larvae were collected in January 2011 from
temporary ponds in natural floodplains of the Paraná
River (31°11′31″S, 60°9′29″W; Argentina). The aver-
age size (snout–tail tip) was 17±0.5 mm and weight
was 0.055±0.009 g; Gosner stages (GS) 29–30 (Gosner
1960). The tadpoles were acclimated for 48 h to a
12-h light/dark cycle with dechlorinated tap water
(DTW), pH 7.4±0.05; conductivity, 165±12.5 μmhos
cm−1; dissolved oxygen concentration, 6.5±1.5 mgl−1

hardness, 50.6 mgl−1 of CaCO3 at 22±2°C, and fed on

boiled lettuce (Lactuca sativa) at the beginning of the
experiment.

For short-term (48-h) static toxicity tests, we used the
commercial formulations of GLY (74.7 % active ingre-
dient [a.i.], N-(phosphonomethyl) glycine; Ultra-Max®,
Monsanto Co., Argentina; recommended application
field rates of 1.1 to 2.3 kg a.i./ha; CASAFE 2007),
MET (60 % a.i., methyl 2-(4-methoxy-6-methyl-1,3,5-
triazin-2-ylcarbamoylsulfamoyl) benzoate; Metsulfuron
60®, Ciagro S.A., Argentina; recommended application
field rates of 8–10 g a.i./ha; CASAFE 2007), BIS (40 %
a.i., sodium 2,6-bis (4,6-dimethoxypyrimidin-2-yloxy)
benzoate, Ectran®, Ipesa S.A., Argentina; recommen-
ded application field rates of 80 to 100 cm3 a.i./ha;
CASAFE 2007), and PIC (27.7 % a.i., 4-amino-3,5,6-
trichloropicolinic acid, Tordon 24-K®, DowAgroScien-
ces, Argentina; recommended application field rates of
80 to 120 cm3 a.i./ha; CASAFE 2007). The herbicides
were tested as a complex commercial mixture because
this is the form in which they are applied in cultivated
fields and introduced into the environment.

Glass aquariums (12.5 cm diameter and 13.5 cm
high) with 1 l of DTWand seven tadpoles per recipient
with a loading ratio of approximately 0.38 (g/l) (N=
336 per treatment) were used in the experiments. Tests
were conducted at 22±2 °C and at 12-h light/dark
cycle. The nominal concentrations used to test single
toxicities of four herbicides were: 0.0097, 0.0195,
0.039, 0.0781, 0.1562, 0.3125, 0.625, 1.25, 2.5, 5,
10, 20, 40, 80, and 160 mg a.i. l−1. The toxicity of
the following mixtures GLY and MET, GLY and BIS,
and GLY and PIC in 50:50 combinations were evalu-
ated using the same nominal concentrations. Negative
controls with DTW were used. Both control and test
solutions were made in triplicate. Treatments were
randomly assigned to the recipients, as was the order
in which the recipients were sampled. For biomarkers
assessment control and treated animals at all concen-
trations that had a survival rate >85 % at 48 h were
killed according to ASIH (2004) criteria and with
approval from the animal ethics committee of the
Faculty of Biochemistry and Biological Sciences.

2.3 Enzymatic Determinations

Whole tadpoles were homogenized (on ice) in
0.1 % t-octylphenoxypolyethoxy ethanol (Triton
X-100) in 25 mM tris (hydroxymethyl) aminome-
thane hydrochloride (pH 8.0) using a homogenizer.
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The homogenates were centrifuged at 14,000 rpm
for 15 min at 4 °C, and the supernatant was
collected. Total protein concentrations in the super-
natants were determined according to the Biuret
method (Kingbley 1942). Enzyme kinetics assays
were performed in triplicate. AChE and BChE
activities were measured according to Ellman et
al. (1961). The reaction mixture consisted of
0.01 ml extract, 2 mM dithio bis 2-nitrobenzoic
acid, 20 mM acetylthiocholine, and butyrylthiocho-
line iodide (AcSCh and BuSCh, respectively);
25 mM Tris–HCl; and 1 mM CaCl2 (pH=7.6).
Assays were conducted at 25 °C. The variation
in optical density was recorded at 410 nm for
1 min at 25 °C using a Jenway 6405 UV–VIS
spectrophotometer. AChE and BChE activities
were expressed as nmolmin−1mg−1 protein using
a molar extinction coefficient of 14.15×103 M−1

cm−1 for AChE, and 13.6×103 M−1 cm−1 for
BChE. GST activity was determined spectrophoto-
metrically by the method described by Habig et al.
(1974) as adapted by Habdous et al. (2002) for
mammal serum GST activity. The enzyme assay
was performed at 340 nm in 100 mM Na phos-
phate buffer (pH 6.5), 2 mM CDNB, and 5 mM
GSH. Enzyme kinetic assays were performed at
25 °C, and whole GST activity was expressed as
μmolmin−1mg−1 of protein using a molar extinc-
tion coefficient of 9.6×103 M−1 cm−1. The data of
enzymatic activity was expressed as the mean ±
SEM.

2.4 Erythrocyte Nuclear Abnormalities

Blood was taken from each tadpole by cardiac
puncture (Lajmanovich et al. 2005); blood smears
were prepared on clean slides, fixed and stained
by the May–Grunwald–Giemsa method (Dacie and
Lewis 1995). Genotoxicity was tested using the
presence of erythrocyte nuclear abnormalities
(ENA) (Attademo et al. 2011), carried out in
RBCs according to the procedures of Guilherme
et al. (2008), by determination of the frequency of
the following nuclear lesions: micronuclei (MN),
lobed nuclei (L), binucleates or segmented nuclei
(S), kidney shaped nuclei (K), and notched nuclei
(N). The results were expressed as ENA frequency,
the mean value (‰) of the sum (MN + L + S + K
+ N) for all the lesions observed.

2.5 Statistics and Data Analyses

Lethal concentration (LC50) values and their respec-
tive 95 % confidence intervals (CI) were determined
by the Trimmed Spearman–Karber method (Hamilton
et al. 1977). The LC50 estimates were subjected to
one-way analyses of variance (ANOVA) followed by
post hoc contrast with Duncan’s multiple range test.
The mortality data were statistically evaluated by
ANOVA using Dunnett’s procedure for multiple com-
parisons in order to determine the NOEC and the
lowest-observed effect concentration (LOEC).

NOEC values for all herbicide treatment were
used for comparison of the ChEs and GST activ-
ities. The data were analyzed with one-way
ANOVA and Dunnett’s test for post hoc compar-
isons. In the same way, mutagenic activity data of ENA
were analyzed using binomial proportion test (Margolin
et al. 1983). These statistical analyses were performed
using BioEstat software 5.0 (Ayres et al. 2008).

2.6 Toxicological Interactions Between Herbicides
Based on LC50

To determine whether the effects of the two herbicides
in a 50:50 mixture were additive, synergistic, or an-
tagonistic, the following equation from Marking
(1985) was used:

Am Ai=ð Þ þ Bm Bi=ð Þ ¼ S

where A and B were the individual herbicides, i and m
were the individual and mixture LC50s, respectively,
and S was the sum of activity. The toxicants are
antagonistic if S<1, synergistic if S>1, or additive is
S=1. Marking places an additive index value of 0 at S
=1, a sum of activity at which the mixture components
would be equitoxic (a demonstration of additive tox-
icity). If S≤1.0, additive index (AI)=1/S−1. If for S≥
1.0, AI=– S+1. According to this scheme, when AI=
0, components are simply additive; negative and pos-
itive numbers indicated less than additivity and more
than additivity, respectively.

We used significant departures from additive
toxicity as defined above to identify antagonistic
and synergistic interactions between pesticides
mixtures (Hertzberg and MacDonell 2002) or no
interaction, where the predicted toxicity of the
mixture is the sum of each chemical’s predicted
toxicity.
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2.7 Toxicological Interactions Between Herbicides
Based on Enzymatic Activity and ENA

The experimental data for enzyme inhibition and ENA
values were interpolated to estimate the median effective
concentration (EC50) and 95 % CI (estimated by a linear
regression to produce a 50 % decrease in the biomarker
measurements relative to controls; Laetz et al. 2009); (a)
for single herbicide exposures (toxic potential [TP])
(EC50 TP) and (b) for binary mixture (BM) (EC50 BM).
We used these endpoint comparisons to determine wheth-
er toxicological responses to BMs were additive, antag-
onistic, or synergistic. The criterion of non-overlapping
95 % CI was used to determine the significance of differ-
ences between EC50 values (Laetz et al. 2009).

3 Results

3.1 Toxicity Tests

Results of the acute toxicity bioassays are summarized
in Table 1. Analyses of variance on LC50 values for R.
arenarum tadpoles showed significant variations
among four herbicides and their mixtures (p<0.05).
PIC was the most toxic herbicide for assay tadpoles,
followed by BIS, GLY, and MET. LC50 values at 48 h
ranged from PIC=0.025 to LC50 MET=105.56 mg a.i.
l−1. GLY–PIC was the most toxic mixture, followed by
GLY–BIS, and GLY–MET. LC50 values at 48 h
ranged from GLY–PIC=0.051 to LC50 GLY–MET=
25.62 mg a.i. l−1. According to Marking’s additive
index, all herbicide mixtures evaluated displayed syn-
ergistic toxicity, with a sum of activity of 2.04 to 2.18.
Furthermore, the negative results of AI indicated low
additivity.

3.2 Enzymatic Activity

The mean value of AChE activity in the control tad-
poles was 15.98±2.18 nmolmin−1mg−1 protein at
48 h. AChE activity varied among groups exposed to
different types of commercial herbicides and their
mixtures, differing significantly in all cases respect to
AChE activity of the control group (p<0.01) (except
GLY–BIS). The percentage of AChE inhibition for the
groups that were significantly different from controls
ranged from PIC (24.73 %) to GLY–MET (52.07 %)
(Fig. 1).

The BChE activity (mean ± SEM) in the control
group was 4.15±1.04 nmolmin−1mg−1 protein at 48 h.
All commercial herbicide formulations and their mix-
tures inhibited BChE enzyme activity significantly (p
<0.01) with respect to control. The percentage of
inhibition ranged from 28.61 % (GLY–BIS) to
47.63 % (GLY–MET) (Fig. 2).

The mean value of GST activity in control tadpoles
was 5.78±0.89 μmolmin−1mg−1 proteins at 48 h. The
inhibition of GST enzymatic activity with respect to
the control group was significant (p<0.01) for GLY,
MET, PIC, and GLY–MET. Indeed, an important in-
hibition of GST activity was observed in GLY and
MET, with values that varied from 38.77 % in GLY
to 48.06 % in MET (Fig. 3).

3.3 Blood Cell Morphology

Figure 4 shows the different types of red blood cells
considered to quantify the ENA of circulating

Table 1 Summary of acute toxicity bioassay (48-h LC50)
results of different commercial herbicide formulations: glypho-
sate (GLY), metsulfuron-methyl (MET), bispyribac-sodium
(BIS) and picloram (PIC) on R. arenarum tadpoles. GLY and
MET, GLY and BIS, and GLY and PIC were tested in a 50:50
mixture

Herbicide
treatment

48-h LC50

(mg a.i. l−1) (95 % CI)
NOEC
and LOEC
(mg a.i. l−1)

S AI

GLY 13.20a (11.57–15.05) 10 – –
20

MET 105.56b (92.55–120.40) 80 – –
160

BIS 0.20c (0.18–0.24) 0.1562 – –
0.3125

PIC 0.025d (0.022–0.029) 0.0195 – –
0.0390

GLY and
MET

25.62e (18.89–34.56) 5 2.18 −1.18
10

GLY and
BIS

0.4123f (0.3615–0.4703) 0.0781 2.08 −1.08
0.1562

GLY and
PIC

0.051g (0.045–0.058) 0.0097 2.04 −1.04
0.0195

Values in columns followed by different letters are statistically
different at the 5 % level of probability by Duncan’s Multiple
Range Test

S sum of biological activity, AI additive index, NOEC no ob-
served effect concentration, LOEC lowest observed effect
concentration

Water Air Soil Pollut (2013) 224:1404 Page 5 of 13, 1404



erythrocytes of R. arenarum tadpoles. Significant in-
crease in the frequency of ENA (p<0.01) was found in
those tadpoles exposed to NOEC of commercial her-
bicide formulations (except for GLY: 10 mg a.i. l−1)
and mixtures for assessed after 48 h (Table 2).

3.4 Toxicological Interactions Between Herbicides

Figure 5 shows the interaction between the EC50 val-
ues, which were calculated based on the results of the
biomarkers studied to estimate the median effective
concentration (EC50) and 95 % CI for single herbicide
exposures (toxic potential, TP) (TP EC50) and for BM

(EC50 BM). In the case of AChE, GLY–MET and
GLY–PIC were synergistic; for BChE, all mixtures
were synergistic; on the contrary, for GST only
GLY–MET mixture was synergistic. For ENA,
GLY–BIS was antagonistic; and in all other cases,
the interactions were additive.

4 Discussions

Amphibians in the wild (especially in agricultural
areas) are exposed to mixtures of pesticides. Further-
more, although brief episodes of high-concentration

Fig. 1 Effects of commercial herbicide exposure (48-h) at no-
observed effect concentration (NOEC) on the acetylcholinester-
ase (AChE) activity in R. arenarum tadpoles. C0 control, GLY
glyphosate, MET metsulfuron-methyl, BIS bispyribac-sodium,

PIC picloram, and mixture of 50:50 GLY–MET, GLY–BIS, and
GLY–PIC. Data are expressed as mean ± SEM, N=7–10. Sig-
nificantly different from control (**p<0.01; Dunnett’s test) (see
Table 1 for NOEC values)

Fig. 2 Effects of commercial herbicide exposure (48-h) at no-
observed effect concentration (NOEC) on the butyrylcholines-
terase (BChE) activity in R. arenarum tadpoles. C0 control, GLY
glyphosate, MET metsulfuron-methyl, BIS bispyribac-sodium,

PIC picloram, and mixture of 50:50 GLY–MET, GLY–BIS, and
GLY–PIC. Data are expressed as mean ± SEM, N=7–10. Sig-
nificantly different from control (**p<0.01; Dunnett’s test) (see
Table 1 for NOEC values)
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exposure may occur, prolonged exposures to low con-
centrations of pesticide mixtures occur much more
frequently (Hayes et al. 2006). In Argentina, 60 % of
the cultivated surface is mainly used to grow geneti-
cally modified (GM) soybeans Roundup Ready (RR),
and approximately 200 million l of GLY-based herbi-
cides are used to produce 50 million tons of soybeans
per year (Teubal 2009). In this area, the main applica-
tion time of agrochemicals occurs from November to
March, and it is coincident with the reproductive pe-
riod of most local amphibian species (Peltzer and
Lajmanovich 2007) as well as with the highest pluvial
period, which causes intensive pesticide wash off
(Peltzer et al. 2008), polluting aquatic ecosystems. In
RR soybeans, optimal weed control often requires
sequential applications of GLY, and the timing relative
to weed emergence is important (Swanton et al. 2000).
When GLY is sprayed two to three times annually at
high rates, it imposes a high selection pressure on the
weed flora. In 5–8 years, this may cause shifts in weed
composition towards species that naturally tolerate
GLY and other herbicides may be needed to control
these weeds (Shaner 2000). Thus, herbicide

combinations are considered potentially useful in con-
trolling weeds resistant or tolerant to GLY (Vidal et al.
2010).

There is increasing discussion about the levels and
potential toxicity of herbicides (i.e., glyphosate) in the
field (Thompson et al. 2006). Some authors (e.g.,
Solomon and Thompson 2003; Thompson et al.
2006) claim that herbicide applications are not legal
for small wetlands and that levels of these herbicides
that are common in the field are either expressed in
ppb or ppt level, but not in ppm levels as used in many
laboratory studies. In contrast, other authors (i.e.,
Relyea 2006) argue that current application rates for
these herbicide formulations are highly lethal to many
amphibian tadpoles. In this context, by means of the
recommended application field rates mentioned previ-
ously (i.e., 2.3 kg a.i./ha for GLY), considering a total
of 150 l of water per hectares to apply herbicides
(CASAFE 2007), the maximal initial concentrations
in a pond embedded in the crops would be
11,454.6 mg a.i. l−1 for GLY, 40 mg a.i. l−1 for MET,
266.6 mg a.i. l−1 for BIS, and 221.6 mg a.i. l−1 for PIC.
According to LC50 values calculated in our study, this

Fig. 3 Effects of commercial herbicide exposure (48-h) at no-
observed effect concentration (NOEC) on the glutathione S-
transferase (GST) activity in R. arenarum tadpoles. C0 control,
GLY glyphosate, MET metsulfuron-methyl, BIS bispyribac-

sodium, PIC picloram, and mixture of 50:50 GLY–MET,
GLY–BIS, and GLY–PIC. Data are expressed as mean ± SEM,
N=7–10. Significantly different from control (**p<0.01; Dun-
nett’s test) (see Table 1 for NOEC values)

Fig. 4 Erythrocytes of R. arenarum tadpoles. Micronuclei (MN), lobed nuclei (L), binucleates or segmented nuclei (S), kidney-shaped
nuclei (K), and notched nuclei (N). May–Grunwald–Giemsa stained blood smear (×1,000)
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would result in more than 50 % of the dead tadpoles
for all mixes and individual herbicides except for
MET alone.

GLY concentration is commonly expressed as mg
a.i. l−1 or mg a.e. (acid equivalents) l−1; i.e., 1 mg a.i.
l−1 is equal to 0.75 mg a.e. l−1 (Relyea 2006). In the
Asian common toad (Bufo melanostictus), the 48-
h LC50 values calculated for GLY formulations was
49.44 mg a.i. l−1 (GS 25–26) (Jayawardena et al.
2011). In premetamorphic larvae (GS 29–30), the
present investigation indicated a 48-h LC50 value of
13.20 a.i mgl−1 GLY (equivalent to 9.9 a.e. mgl−1).
However, in previous studies from our laboratory
(Lajmanovich et al. 2011), the 48-h LC50 value was
2.42 a.e. mgl−1 for R. arenarum prometamorphic lar-
vae (GS 36–38). In agreement with Lajmanovich et al.
(2011), Vera Candioti et al. (2010) found that R. are-
narum larvae in prometamorphosis (GS 37–39) are
more sensitive than in premetamorphosis (GS 25) to
carbamate pesticides. Also, Howe et al. (1998) noted
an increase in sensitivity to atrazine as the amphibian
larvae reached later stages.

Despite its widespread use, no studies have been
reported on the toxicity of MET and BIS in amphibian
tadpoles. In this sense, R. arenarum tadpoles seem to
be in the same sensitive range to MET as fish species,
since its 48-h LC50 is 105.56 mg a.i. l−1, while for
rainbow trout (Oncorhynchus mykiss) 96-h LC50

values are 150 mg a.i. l−1 (Vencill 2002). In the peer
review of pesticide risk assessment for BIS, the

Table 2 Frequency of erythrocyte nuclear abnormalities (ENA)
in R. arenarum tadpoles exposed to commercial herbicides (48-
h) at no-observed effect concentration (NOEC)

Herbicide
treatment

N Total cell
counted

Mean number of ENA (‰)
(average ± SEM)

CO 9 9,000 0.11±0.11

GLY 9 9,000 0.22±0.14

MET 9 9,000 16±6.89***

BIS 8 8,000 26.5±11.33***

PIC 8 8,000 10±4.47***

GLY and
MET

9 9,000 7.55±3.44***

GLYand BIS 11 11,000 0.72±0.72**

GLYand PIC 10 10,000 4.8±1.76***

Significantly different from control (**p<0.01, ***p<0.001;
binomial proportion’s test)

C0 control, GLY glyphosate, MET metsulfuron-methyl, BIS
bispyribac-sodium, PIC picloram, and mixture of 50:50 GLY–
MET, GLY–BIS, and GLY–PIC (see Table 1 for NOEC values)

Fig. 5 Effects of commercial herbicide exposure (48-h) on the
percentages of acetylcholinesterase (AChE) (a), butyrylcholi-
nesterase (BChE) (b), glutathione S-transferase (GST) (c) inhib-
itions, and mean number of frequency of erythrocyte nuclear
abnormalities (ENA) (d) in R. arenarum tadpoles. Median ef-
fective concentration calculated in binary mixture (EC50 BM) and
median effective concentration (toxic potential) (EC50 TP). GLY
glyphosate, MET metsulfuron-methyl, BIS bispyribac-sodium,
PIC picloram in 50:50 mixture. Each point represents the mean
(N=7–10), and error bars indicate the 95 % CIs of the mean
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European Food Safety Authority (2010) indicated a
low risk of MET to aquatic animals with values of 96-
h LC50 for fish species between 10 and 95 mg a.i. l−1.
However, in our study the BIS at 48-h (LC50=0.2 mg
a.i. l−1) indicates a greater toxicity of this herbicide for
R. arenarum tadpoles. The only reference found in the
literature about the toxicity of PIC in amphibian larvae
indicates that it is moderately toxic to tadpoles with
Median Tolerance Limit (48-h TL50) values (defined
as the pesticide concentration at which half of the test
animals survived during the time interval tested) of
123 and 116 mgl−1 in Adelotus brevis (Tusked frog)
and Limnodynastes peroni (Brown striped marsh
frog), respectively (Johnson 1976). These values differ
from those found for R. arenarum tadpoles (48-h LC50

=0.025 mg a.i. l−1), because the first bioassay (referred
to the toxicity of PIC) was performed with Tordon 50-
D® (2,4-D-Picloram mixture). Based on our results,
the herbicide Tordon 24-K® is very acutely toxic to
amphibian tadpoles.

A discussion of the acute toxicity of GLY mixed
with other herbicides requires knowledge of toxicities
of the individual components of the mixture. In our
experiments with R. arenarum, the single toxicity of
commercial herbicide formulations had the following
order: PIC > BIS > GLY > MET. In accordance with
this trend, the toxicity of mixtures decreased as fol-
lows: GLY–PIC > GLY–BIS > GLY–MET. In this
context, Deneer (2000) reported that the effects of
most herbicide mixtures on aquatic organisms were
additive in nature. According to Marking’s equation
additive index, the mixture of herbicides evaluated
displays synergistic toxicity. The natural assumption
when dealing with different chemicals mixed together
would be that a mixture’s toxicity equals the sum of
the toxicities of its parts (Verbruggen and Van den
Brink 2010). However, as this experiment has shown,
mixture toxicity is far more complex than simple
addition. Greater toxicity may be due not only to the
toxic effects of the herbicides themselves but to sup-
posedly inert additives such as a surfactant. For exam-
p le , in commerc ia l GLY formula t ions the
polyethoxylated tallowamine surfactant (POEA) is cy-
totoxic and disrupts the membrane of sensitive respi-
ratory surfaces (Partearroya et al. 1991). The
synergistic relationship between the herbicides mixed
together with surfactant was at least in part due to the
surfactant’s ability to facilitate absorption of the her-
bicides into tissues. Hence, this produces a greater

toxicological impact of each herbicide (Green and
Abdelghani 2004).

In pure chemical terms, GLY is an organophosphate
that contains carbon and phosphorous (WHO/FAO
1996). In this sense, we observed that ChEs and
GST activities in R. arenarum tadpoles exposed to
GLY were inhibited compared to controls, confirming
previous results with the same species (Lajmanovich
et al. 2011). Moreover, inhibition of AChE activity in
both brain and muscle tissue was observed in fish
(Rhamdia quelen and Leporinus obtusidens) exposed
to sublethal doses of commercial MET formulations
(dos Santos Miron et al. 2005; Pretto et al. 2011).
Also, another commercial formulation containing
BIS caused changes in toxicology and oxidative stress
parameters in tissues of Cyprinus carpio; thus, a de-
crease in AChE and GST activity may be the result of
severe oxidative stress generated by exposure to this
herbicide (Toni et al. 2010). On the other hand, there is
limited data of PIC (technical grades or commercial
formulations) about the effects as a ChEs inhibitor and
other sublethal effects like on activities of antioxidant
enzymes. We only found data for hexachlorobenzene,
an impurity present in the technical grade of PIC (Cox
1998). This chemical induces oxidative damages and
inhibits the activity of AChE and GST enzymes in
juvenile common carps (Cyprinus carpio) (Song et
al. 2006).

Usually, in the first contact with the toxic, the
increase in GST activity is involved in metabolic de-
toxification. However, depletion of GST is associated
with oxidative stress and cytotoxicity of pro-oxidant
xenobiotics (Hazarika et al. 2003). Our results indicate
that the activation of protective mechanisms is neces-
sary for scavenging of produced reactive oxygen rad-
icals. The present study also showed that commercial
herbicides studied could cause neurotoxic effects on
tadpoles. AChE is involved in the deactivation of
acetylcholine at nerve endings, preventing continuous
nerve firings, which is vital for normal functioning of
neuromuscular systems, and is a common biomarker
used in the assessment of neurotoxic effects. The
AChE inactivation may have resulted from either ami-
no acid residue and/or membrane lipid oxidation
(Ballinger et al. 2005). Therefore, further investiga-
tions are needed to investigate the nature of these
mechanisms in amphibians.

The blood of amphibians is a very plastic tissue
(Barni et al. 2007), and variations of hematological
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parameters in anurans have frequently been reported
as a response to pesticide exposure (e.g., Attademo et
al. 2011; Kundu and Roychoudhury 2009). In Litho-
bates catesbeianus tadpoles exposed to several
Roundup® concentrations (6.75–27 mg GLY a.i. l−1),
a 24-h significant DNA damage was found in eryth-
rocytes when tadpoles were compared with unexposed
control animals (Clements et al. 1997). Furthermore, a
recent study in Japanese medaka (Oryzias latipes)
suggests that DNA damage is induced by acid alka-
nolamide a common surfactant in GLY formulations
(i.e., Roundup®) (Uchida et al. 2012). Also, Bosch et
al. (2011) reported that after 2 and 5 days of exposure
to Roundup® (200–800 mg GLY a.i. l−1), the micro-
nucleated erythrocytes frequency in the adult toad R.
arenarum was higher than the basal frequency. Addi-
tionally, Stone (2007) reported that chromosome aber-
rations increased in frequency in hamster ovary cells
exposed to PIC. However, no genotoxicity data were
found for MET and BIS. In our experiment, the GLY–
NOEC (10 mg a.i. l−1) mixture showed no difference
in frequency of ENAwith respect to the control group.
However, the experimental data for the other three
herbicides (MET, BIS and PIC) indicates some evi-
dence of genotoxic potential. The results of genotox-
icity of the herbicide combinations did not show a
clear trend in synergy. However, in the case of GLY–
BIS, the effect was antagonistic, which coincides with
the low values of ENA obtained for this mixture. It is
likely that the frequency of nuclear lesions may be
altered by several factors, such as the erythropoiesis
(Udroiu 2006). A decrease in erythropoiesis may be
related to ENA decline (Marques et al. 2009); indeed,
ENA frequency might have been falsely reduced.

The assumption of dose addition or concentration
addition for mixtures of anticholinesterase pesticides
has also been extended to aquatic life (Junghans et al.
2006). In biomarkers studied to identify the interac-
tions between herbicides in 50:50 mixtures, it was first
necessary to normalize each concentration–response
curve using the calculated EC50 concentration for that
individual chemical. In our study all herbicide mix-
tures showed synergism for ChEs activities, except for
GLY–BIS, which was additive. In fact, certain pesti-
cides combinations showed a clear pattern of syner-
gism even at these relatively low levels. For example,
diazinon and chlorpyrifos were synergistic when com-
bined at 7.3 and 0.1 μg a.i. l−1, respectively (Laetz et
al. 2009).

5 Conclusions

Overall, our results indicate that PIC was the most
toxic herbicide for R. arenarum tadpoles, followed
by BIS, GLY, and MET, while GLY–PIC was the most
toxic mixture, followed by GLY–BIS, and GLY–MET.
Also, all commercial herbicides tested and their mix-
tures in sublethal concentrations (NOEC) inhibit ChEs
activity and induce genotoxicity in tadpoles exposed.

Finally, R. arenarum tadpoles exposed to mixtures
of the most intensively used herbicides in crops of
soybean crops, showed mortality synergy, either
concentration-synergistic or additive neurotoxicity
and genotoxicity. This implies that single-chemical
assessments will systematically underestimate the ac-
tual risks to amphibian species in waterbodies where
mixtures of herbicides potentially occur.
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