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Abstract In agriculture intensive areas, fishponds and
natural water bodies located in close proximity to these
fields receive water with variable amounts of agrichemi-
cals. Consequently, toxic compounds reach nontarget
organisms. For instance, aquatic organisms can be exposed
to tebuconazole-based fungicides (TBF), glyphosate-based
herbicides (GBH), and atrazine-based herbicides (ABH)
that are potentially dangerous, which motivates the fol-
lowing question: Are these agrichemicals attractant or
aversive to fish? To answer this question, adult zebrafish
were tested in a chamber that allows fish to escape from or
seek a lane of contaminated water. This attraction and
aversion paradigm was evaluated with zebrafish in the
presence of an acute contamination with these compounds.
We showed that only GBH was aversive to fish, whereas
ABH and TBF caused neither attraction nor aversion for
zebrafish. Thus, these chemicals do not impose an extra
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toxic risk by being an attractant for fish, although TBF and
ABH can be more deleterious, because they induce no
aversive response. Because the uptake and bioaccumula-
tion of chemicals in fish seems to be time- and dose-de-
pendent, a fish that remains longer in the presence of these
substances tends to absorb higher concentrations than one
that escapes from contaminated sites.

Tebuconazole-based fungicides (TBF) and glyphosate-
based (GBH) and atrazine-based herbicides (ABH) are
largely utilized in agriculture. TBF have been used in
several plant cultures or as wood preservatives (Le-
bokowska et al. 2003). TBF disrupt the endocrine stress
response (Cericato et al. 2008, 2009; Koakoski et al. 2014)
and provoke severe oxidative stress in fish (Ferreira et al.
2010, 2012, 2013; Toni et al. 2011). GBH and ABH have
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been widely used throughout the world in some cultures
that have huge cultivated areas, such as soy and bean. GBH
and ABH have been shown as moderate endocrine dis-
ruptors but also act as oxidative stressors for fish (Cericato
et al. 2008, 2009; Koakoski et al. 2014; Ferreira et al.
2010, 2012, 2013; Toni et al. 2011).

Fish depend on chemoreception to deal with many
environmental challenges, such as finding food (Moyle and
Cech 2000) and mates (Stacey and Sorensen 2005),
aggregation or schooling (Sorensen and Stacey 1999), or
avoiding predators (Dgving et al. 2005). The execution of
these behaviors is based on the logic of approaching or
avoiding attractant or aversive stimuli. Animals can be
attracted (Kessler et al. 2015) or repelled (Tierney et al.
2007) by toxic substances, and the deleterious effects that
substances, such as GBH, ABH, and TBF, can impose may
be more or less pronounced, acting as attractive or aversive
chemical stimuli. Both attraction or aversion reactions have
strong biological and toxicological significance. The risk of
fish seeking contaminated sites is more direct and easy to
perceive. Otherwise, fish that remain for longer periods in
the presence of these substances (attractive or not perceived)
tend to absorb higher concentrations than ones that escape
from contaminated sites (aversive substance). Thus, in an
environment contaminated with a substance with repellent
properties, the fish will actively avoid the area, which, in
turn, may change population dynamics and behavior.

For these reasons, our question is plausible, and to
address it, we used adult zebrafish as the animal model for
testing in a chamber that allows fish to escape from or seek
a lane of TBF, GBH, and ABH contaminated water.

Methods
Ethical Note

This study was approved by the Ethics Commission for
Animal Use (CEUA) at Universidade de Passo Fundo,
UPF, Passo Fundo, RS, Brazil (Protocol 29/2014-CEUA)
and met the guidelines of Conselho Nacional de Controle
de Experimentagao Animal (CONCEA).

Animals

Adult (180 days) wild-type zebrafish (Danio rerio) of the
short-fin (SF) strain, mixed-sex (50:50), were used as our
stock population. The fish were fed twice a day, at 10:00
and 16:00 h, with commercial flaked food provided to
satiation (Alcon® Basic, MEP 200 Complex, Brazil). The
mean water temperature in the holding tank was main-
tained at 24 £ 2 °C, and the dissolved oxygen concentra-
tions varied from 5.6 to 7.2 mg/l. The pH values ranged
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from 6.2 to 7.4. The total ammonia—nitrogen concentration
was less than 0.5 mg/l.

Agrichemicals Tested

All chemicals were obtained from commercial suppliers.
The agrichemicals that were used are a tebuconazole-based
fungicide (Tebufort DVA, 200 g/l of RS-1-p-chlorophenyl-
4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl) pentan-3-ol,
CAS# 107534-96-3), glyphosate-based herbicide (Roundup
Original™, 360 g/l of N-phosphonomethylglycine, CAS#
1071-83-6), and an atrazine-based herbicide (Siptram
500SC, 500 g/l of 6-chloro-N,-ethyl-Ny-isopropyl-1,3,5-
triazine-2,4-diamine, CAS# 1912-24-9).

We chose an environmental concentration already rela-
ted in the literature and 10 % of a previously determined
LC50_96 1 This percentile of LCs_os , Was based on pre-
vious works in our laboratory using these specific con-
taminants (Kreutz et al. 2010). The nominal agrichemical
concentrations in the water were confirmed by high-pres-
sure liquid chromatography (HPLC) using the general
methodology described by Zanella et al. (2003), along with
specific methodologies for TBF (Zhao et al. 2008) and
GBH (Hidalgo et al. 2004). The agrichemical concentra-
tions and references are depicted in Table 1.

Experimental Apparatus

The experimental apparatus consisted of a 30-L acrylic
tank (Fig. la; 50 x 25 x 25 cm, length x width x
height) as described in Abreu et al. (2016). Briefly, the
apparatus had two chambers leading to two lanes of water
with laminar flow running in parallel without mixing. A
flow rate of 2 1I/min was used for each track, and the
manifold for each mixing chamber had a single door to
allow for the introduction of the test substance.

Experimental Protocol

The basic strategy of the present study consisted of a two-
choice test first used by Korver and Sprague (1989), then
adapted to test anesthetics (Readman et al. 2013) and
psychoactive drugs (Abreu et al. 2016), in which we
quantified, in individually reared zebrafish, the choice for
paths having contaminated or clean water flows. Choice
was operationally set as the time spent in each path and the
shuttle frequency between them. To conduct this choice
test, fish from our stock tank were transferred to the
experimental tank. After the transfer, fish were allowed to
acclimate for 150 s, and subsequently a dose of the test
compound at a predetermined concentration was intro-
duced into one of the mixing chambers for a period of
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Table 1 Nominal and
measured concentrations of

Substance (reference to environmental and LC50 concentrations)

Concentrations (mg/l)

agrichemicals used Nominal Measured (%)
GBH 10 % CL50 (own data) 5.2 5.148 (99 %)
GBH env. (Tierney et al. 2009) 0.00659 0.006853 (104 %)
TBF 10 % CL50 (Sanchez et al. 2012) 26.8 26.07 (97.3 %)
TBF env. (Elsaesser and Schulz 2008) 0.2 0.202 (101 %)
ABH 10 % CL50 (Al-Sawafi and Yan 2013) 1 1.03 (103 %)
ABH env. (Pratt et al. 1997) 9.567 9.37566 (98 %)
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Fig. 1 a Schematic representation of the test chamber test. b The most representative video tracked movements of zebrafish

150 s of exposure. This time was based on our previous
work with psychoactive drugs residues (Abreu et al. 2016).

During the tests, fish were not fed. The position (left or
right) of the clean and contaminated water lanes was
switched between each of the trials to prevent a possible
bias caused by a fish preference for the left or right lane.
The horizontal gradient created by the laminar flow within

the tank allowed the untreated lane to remain uncontami-
nated, creating two lanes between which the fish could
move freely. Following each experiment with one fish, the
system was flushed to remove any test substance residues.
The fish behavior with access to both contaminated or
clean water lanes was recorded via video camera for the
whole experimental period. Ten zebrafish were evaluated
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for each contaminant. The video camera was positioned
directly above the tank. The analyses of the video record-
ings were performed using AnyMaze® (Stoelting CO,
USA) and quantification lasted over the 150-s exposure
period. Because the contaminated water flux rapidly filled
all the test area, we did not consider this time in the 150 s
of analysis.

Control observations were conducted to evaluate
potential bias of the experimental tank. When fish were
exposed to flows of clean water in both lanes, undistin-
guishable choice was observed for any lane of the appa-
ratus. A positive control test was conducted by providing a
lane with an acid water flow (hydrochloric acid solution at
pH 3.0). In this case, zebrafish showed a clear aversion to
acid water flow. They chose to stay in the clean water (pH
7) lane instead of the acid one: time spent in clean water
was 118 £ 6.2 s and in the acid water was 32 £ 6.2 s
(n = 10; P = 0.0039; Wilcoxon matched-pairs signed-
rank test).

In each substance trial, the following locomotor parameters
were evaluated: total distance traveled, mean speed, absolute
turn angle, and the number of body rotations. All the
parameters were evaluated during entire 150 s, and addi-
tionally in five times fragments of 30 s to estimate choice
preferences and locomotor activity across time.

Statistics

Homogeneity of variance was determined using Hartley’s
test, and normality was tested using the Bartlet test. The
time spent in treated and control lanes were compared by
paired Student’s ¢ test or Wilcoxon matched-pairs signed-
rank test depending on data normality. Locomotor param-
eters were compared by Student’s ¢ test or Mann—Whitney
test (depending of normality and homogeneity tests) by
contrasting the treatment lane values against the clean
water control lane. Differences were considered statisti-
cally significant at P values <0.05.

Results

The tested compounds (GBH, ABH, and TBF) did not alter
water pH and DO levels (Table 2). Zebrafish spent signifi-
cantly less time in the GBH-treated lane at the concentra-
tions of 10 % of LCso (Wilcoxon matched-pairs signed-rank
test; P = 0.0020), suggesting an aversion response to this
compound at this concentration (Fig. 2a). The same pattern
of aversion was observed in the across-time analysis, except
for the first 30 s of exposure. Regarding TBF environmental
concentration, an aversion pattern was observed during a
brief period of exposure (between 0-30 s and 30-60 s;
Fig. 2b). No differences on time spent in untreated and
contaminated lanes were found for GBH environmental
concentration and both environmental and 10 % LCsy con-
centrations of TBF and ABH (Fig. 2a).

The results and the statistics of the tested locomotor
parameters are depicted respectively in Fig. 3a, b. Briefly,
GBH environmental concentration did not demonstrate
diminished mean speed; however, in the analysis throughout
the time, a decrease of speed was observed in the segments
0-30, 30-60, and 90-120 s. Regarding the number of body
rotations, GBH environmental concentration also presented
diminished values in the segments 30-60, 60-90, and
120-150 s. TBF showed decrease in mean speed in the first
stage of exposure (0-30 s), and TBF environmental con-
centration showed elevated level of absolute turn angle in
the segment 90-120 s. The remaining treatments did not
show differences in any locomotor parameter.

Discussion

We showed that glyphosate-based herbicide was aversive
to zebrafish except for the first 30 s of exposure. This
suggests that the fish does not immediately avoid the
contaminated water, but this avoidance is caused by a
perception after a brief exposure to the substance. This

Table 2 pH and dissolved

oxygen (mg/l) levels in clean Substance pH Dissolved oxygen

and contaminated water Water Substance Water Substance
Water (control) 6.8 = 0.10 6.8 + 0.07 6.2 £+ 0.05 6.1 £0.1
pH3 6.9 £ 0.10 3.0 £ 0.10 5.7 £ 0.10 5.8 + 0.05
GBH 10 % CL50 6.7 &+ 0.15 7.0 + 0.06 5.9 4+ 0.10 5.7 £ 0.15
GBH env. 6.7 £ 0.10 6.5 + 0.08 5.7 + 0.05 5.6 + 0.10
TBF 10 % CL50 6.7 £ 0.20 7.0 £ 0.05 5.6 £ 0.10 5.7 £0.07
TBF env. 7.4 £ 0.10 7.2 £ 0.08 6.0 £ 0.09 6.2 £ 0.14
ABH 10 % CL50 7.0 £ 0.10 6.9 £+ 0.05 6.2 + 0.20 6.0 £ 0.08
ABH env. 7.1 £0.20 7.3 £ 0.08 6.1 £ 0.09 6.4+ 0.14

Data are expressed as mean £+ SEM of four water samples

@ Springer
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Fig. 2 a Time spent (s) in the substance or water lanes in a 150-s test.
Data are expressed as the mean = SEM in each lane (n = 10).
b Time spent (s) in the substance or water lanes in five period

latency to avoid the substance actively may be due to the
chemical properties of GBH, which can be an irritant to
fish, taking a longer period to cause disturbance. Tebu-
conazole-based fungicide provoked an aversion in the first
segments, suggesting that the fish is desensitized through-
out the exposure. Tebuconazole-based fungicide environ-
mental concentration and atrazine-based herbicide neither
attract nor repel zebrafish.

Thus, these chemical do not impose an extra toxic risk
by being attractant to fish, although TBF and ABH can be
deleterious, because they induce no aversive response.
Because the uptake and bioaccumulation of chemicals in
fish seems to be time- and dose-dependent (Hamelink and
Spacie 1977; Geyer et al. 2000; Paterson and Metcalfe
2008), a fish that remains for an extended time in the

fragments of 30 s. Means were compared by the paired ¢ test or
Wilcoxon matched-pairs signed-rank test (*P < 0.05, **P < 0.01,
*##%P < 0.001, and ****P < 0.0001)

presence of these drugs (attractive or not perceived drugs)
tend to absorb higher concentrations than ones that escape
from contaminated sites (aversive drugs).

The protocol and apparatus of this chemotaxic prefer-
ence test was previously validated to evaluate aversion of
fish anesthetics (Readman et al. 2013) as well psychotropic
drug residues (Abreu et al. 2016). In this and former
studies, the positive control test with hydrochloric acid was
clearly aversive to zebrafish and that they display strong
avoidance behavior, showing the ability of zebrafish to
detect the acid pH by its chemosensory traits. In the water-
water control, no choice between apparatus lane was
observed. These evidences show that zebrafish respond to
chemical stimulus displaying place choice and the test
apparatus has no bias. Thus, any behavioral change can be
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Fig. 3 a Locomotor activity of zebrafish during the 150-s test, and
b locomotor activity of zebrafish in five period fragments of 30 s.
Data are expressed as mean = SEM (n = 10). GBH glyphosate-based
herbicide, TBF tebuconazole-based fungicide, ABH atrazine-based
herbicide. Asterisks indicate differences between each substance/

interpreted clearly as an effect of these chemicals than any
interference variable.

Considering the nature of test used (chemo sensorial) and
the acuteness of the exposure (150 s), we hypothesized that
the fish aversion to GBH is a result of different sensorial
stimulation. Although it was not the goal of our study, GBH
may cause pain (tactile stimulation), because glyphosate
was referred as acid causing several histopathological
changes in fish (Jiraungkoorskul et al. 2002), which might be
another reason for zebrafish GBH avoidance. Previous
studies revealed that the acid pH was detected (and avoided)
by taste (Strieck 1924) and olfaction (Hidaka and Tatsukawa
1989). We discard these pH-related sensory cues, as
responsible for zebrafish GBH aversion, because GBH
did not alter water pH. In addition, Vera et al. (2010) also
verify that different GBH concentrations did not alter water
pH.

Rainbow trout fry did not avoid GBH at concentrations
of 0.1, 1, and 10 mg/l (Folmar et al. 1979), whereas in
concentrations of 2-8 times the 96 h LCsq rainbow trout
fingerlings actively avoided glyphosate-based compounds
(Morgan et al. 1991). The same pattern of avoidance by a
GBH (Roundup) was found by Tierney et al. (2007), in
which trout avoided the active substance. In contrast,
environmental concentrations of pesticide mixture
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concentration against the water control (clean line). One-way Anova
followed by Dunnet test or Kruskal-Wallis test depending on the
normality (Bartlet) and homogeneity of variance (Hartley) tests,
*P < 0.05, **P < 0.01, n = 7-10

containing glyphosate provoked attraction for zebrafish
(Tierney et al. 2009). In our study, this same concentration
of glyphosate found in the pesticide mixture used by
Tierney et al. (2009) did not provoke aversion neither
attraction. It is important to take in account that, in these
studies (Tierney et al. 2009; Strieck 1924; Hidaka and
Tatsukawa 1989; Folmar et al. 1979; Morgan et al. 1991),
the test methodology are very different from the one pro-
ceed in the present study. These methodology differences
might affect the results.

The speed was significantly affected by GBH in the first
minute of exposure, presenting diminished values. Tierney
et al. (2007) also demonstrated that glyphosate exposure can
induce a reduction of fish locomotion. Regarding the num-
ber of rotations, this parameter also was reduced, suggesting
that fish become desensitized to the GBH locomotor effects
over the exposure period. Only the higher concentration of
TBF provoked an increase in the absolute turn angle for a
brief moment. Those high turn angles would suggest pos-
sible neuromuscular effects, because the absolute turn angle
is a sensitive measure of motor coordination (Blazina et al.
2013). The altered locomotor coordination might be a
possible causation factor of the not-aversive response of
zebrafish against this agrichemical, where the fish is not
capable of escaping the affected area.
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We found that fish did not avoid ABH and TBF con-
taminated sites probably by absence of perception of these
compounds in the specific concentrations and/or changes in
locomotor activity (Fig. 3a, b). This absence of detection/
reaction might be dangerous, because fish did not move
away from contaminated sites. The changes in locomotor
parameters provoked by GBH and TBF reinforce our con-
clusion that these compounds are dangerous, because fish
did not avoid contaminated areas by not perceiving the drugs
or due to locomotor and/or neuromuscular impairments.

Regarding GBH, despite the well-related negative effects
(Cericato et al. 2009, 2008; Koakoski et al. 2014; Ferreira
et al. 2010, 2012, 2013; Toni et al. 2011; Jiraungkoorskul
et al. 2002; Langiano and Martinez 2008; Glusczak et al.
2007; Armiliato et al. 2014) fish actively avoided contami-
nated sites if concentrations were higher than 10 % of LC50.
This fact represents a defensive behavior that can protect
fish from the deleterious effects of GBH. However, avoid-
ance/aversive behavior in a location where fish have no
escape to avoid this chemical might be an unavoidable stress
source with potentially harmful effects.

The concentrations used were very plausible in terms of
contamination of natural water bodies and fishponds. In
addition, the GBH is used directly in water bodies to
control aquatic macrophytes. Even TBF and ABH, which
are not used directly in water, can easily reach the water
bodies in small concentrations as a result of leaching by
rain or as a result of accidents (Soumis et al. 2003) causing
harmful effects to fish. In addition, aquatic organisms may
be exposed to accidental spills of pollutants, incorrect
discharges of substances or contaminants already present in
the water. Such contamination may cause biomagnifica-
tion, in which concentrations much higher than those found
in the environment may be observed. This phenomenon has
been reported for the presence of pesticides (Niethammer
et al. 1984; Kelly et al. 2007; Goerke et al. 2004).

Finally, a limitation of this study is that we cannot
directly extrapolate these results to the aquatic environ-
ment, where fish are chronically exposed to xenobiotics
since early development, and in this study, fish were briefly
exposed to the agrichemicals. However, this does not les-
sen the importance of our results, because data about
the attraction/aversion paradigm related to agrichemical
exposures are very scarce. In addition, the attraction/aver-
sion paradigm might be an innovative and interesting
approach in toxicological studies.
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