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� Tebuconazole reduced exploratory behavior in larvae.
� Tebuconazole showed decreased distance travelled in adults.
� Tebuconazole inhibited AChE activity in larvae and in zebrafish adult brain.
� Tebuconazole increased AChE gene expression in larvae, but not in zebrafish adults.
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a b s t r a c t

In this study, we evaluated the effects of tebuconazole on morphology and exploratory larvae behavior
and adult locomotion. Furthermore, we analyzed the effects of this fungicide on AChE activity and gene
expression in zebrafish larvae and in the adult zebrafish brain. Tebuconazole (4 mg/L) increased the
ocular distance in larvae and reduced the distance travelled, absolute turn angle, line crossing and time
outside area in exposed larvae. Moreover, adult zebrafish that were exposed to this fungicide (4 and
6 mg/L) showed a decrease in distance travelled and mean speed when compared to the control group.
However, tebuconazole did not alter the number of line crossings or time spent in the upper zone.
Tebuconazole inhibited AChE activity at concentrations of 4 mg/L for larvae and 4 and 6 mg/L in the adult
zebrafish brain. However, this fungicide did not alter AChE gene expression in the adult zebrafish brain
but increased AChE mRNA transcript levels in larvae. These findings demonstrated that tebuconazole
could modulate the cholinergic system by altering AChE activity and that this change may be associated
with the reduced locomotion of these animals.

© 2017 Published by Elsevier Ltd.
1. Introduction

The growth of crop pests has exponentially increased the use of
pesticides for agricultural maintenance. Given the toxicity of pes-
ticides to non-target organisms, these agents pose a threat to
different ecosystems. Environmental contamination may occur in
ímica e Psicofarmacologia,
ade de Biociências, Pontifícia
a Ipiranga, 6681, 90619-900,
two ways, either by draining the contaminant or by incorrect
handling of the application equipment (De Wilde et al., 2007;
Karanasios et al., 2012). Organisms may accumulate these chem-
icals through any route, including inhalation, ingestion or direct
contact (El-Amrani et al., 2012; Toni et al., 2011). Pesticides in
aquatic ecosystems may be transferred through phytoplankton to
fish and finally to humans (Toni et al., 2011). There are numerous
classes of pesticides, among them fungicides, such as benzimid-
azoles, phenylamides, dicarboximides, quinone and carboxylic
amides. Within the main classes of fungicides, the triazoles repre-
sent approximately 20% of the global market for systemic fungi-
cides. In the United Kingdom, prothioconazole, tebuconazole and
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epoxiconazole are the three most commonly used fungicides (Price
et al., 2015).

Tebuconazole is used to control various fungal diseases in ce-
reals, fruits and vegetables (Li et al., 2012; Sahoo et al., 2012; Wang
et al., 2015). It is a systemic follicular fungicide that is rapidly
absorbed in the vegetative parts of the plant and inhibits the
enzyme lanosterol 14a-desmetilase and promotes a reduction in
the biosynthesis of ergosterol, which is necessary for the proper
functioning of fungal membranes in pathogens (Konwick et al.,
2006). Tebuconazole has been classified by the United States
Environmental Protection Agency as a possible human carcinogen,
and it has high toxicity to aquatic organisms, causing long-term
adverse effects (Hu et al., 2007; Yu et al., 2013). A study per-
formed in the west of France showed that the concentration of
tebuconazole was 81 mg/L in runoff events (Lefrancq et al., 2017).
The presence of tebuconazole in stream water has been detected
and its concentration in surface waters has reached 175e200 mg/L
(Montuelle et al., 2010). A study reported that the bioconcentration
factor of tebuconazole in zebrafish is 38.8 L/Kg, which is a haz-
ardous concentration for both fish and humans (Andreu-S�anchez
et al., 2012). In addition, a previous study determined that lipid
and carbohydrate metabolism and some enzymatic activities in
zebrafish were affected by exposure to tebuconazole, requiring
greater attention to this fungicide in relation to environmental
safety (Sancho et al., 2010).

The zebrafish has emerged as an important model for toxicology
studies since it is an animal that is susceptible to intoxication by
toxic agents. Studies done with the zebrafish have demonstrated
that different pesticides can affect neurotransmission systems,
including the cholinergic system (Jin et al., 2016; Pereira et al.,
2012; Schmidel et al., 2014; Senger et al., 2005). The cholinergic
system plays an important role in many essential functions, with
acetylcholine (ACh) being the neurotransmitter of this system
(Descarries et al., 1997; Geffard et al., 1985; Mesulam et al., 2002).
ACh plays a role in the CNS and in the peripheral nervous system
and is related to modulation of the neuronal response by sensory
stimuli (Murphy and Sillito, 1991) and behavior, while participating
in neural circuits related to sleep control, learning and memory
(Shaked et al., 2008). ACh is considered a classical neurotransmitter,
and its synthesis is performed by the enzyme choline acetyl-
transferase and depends on the availability of acetyl-CoA and
choline, which are important products of lipid metabolism in the
intracellular environment. After synthesis, ACh is transported
within vesicles to the terminals of cholinergic axons, where it is
stored. Its release depends on variations in the electrical potential
of the nerve terminal membranes, and this process is dependent on
the concentration of intracellular calcium. Upon release, ACh in-
teracts with specific nicotinic and muscarinic receptors (nAChRs
and mAChR, respectively), causing depolarization and propagation
of the action potential in the postsynaptic cell (Edwards et al., 2007;
Oda, 1999; Park et al., 2008; Schr€oder et al., 1989; van der Zee et al.,
1989).

The ACh in the synaptic cleft is degraded by cholinesterases,
which cleave it into choline and acetate, eliminating the effects
triggered by the ACh molecule. There are two different types of
cholinesterases, which are classified according to their catalytic
properties, inhibitor specificity and tissue distribution: acetylcho-
linesterase (AChE) (E.C.3.1.1.7) and butyrylcholinesterase (BuChE)
(E.C.3.1.1.8). Both cholinesterases are widely distributed throughout
the body. The AChE gene has already been cloned and sequenced,
and its enzyme activity has already been detected in zebrafish
brains (Bertrand et al., 2001; Rico et al., 2007). This teleost presents
AChE that is encoded by a single gene, but several molecular forms
are observed (monomers, dimers, trimers and tetramers) as a result
of the occurrence of alternative splicing in the exons of the C-
terminal region (Massouli�e et al., 2008). In addition, subunits of
nAChRs and mAChR are also expressed in zebrafish (Zirger et al.,
2003).

Since ACh is a neurotransmitter critically involved in the
movement-psychomotor control and an important modulator of
cognitive functions, such as learning and memory (Capiotti et al.,
2014; Hasselmo, 2006; Janeczek et al., 2017), and numerous pes-
ticides have shown toxicological action on this system, leading also
to behavioral changes (Jin et al., 2016; Pereira et al., 2012; Schmidel
et al., 2014), it is important to evaluate whether the intoxication by
tebuconazole may affect behavior and cholinergic system in
zebrafish. The objective of this study was to evaluate the toxico-
logical effects of this fungicide on zebrafish larvae and adults. Thus,
the effects of tebuconazole on larvae morphology, exploratory
larvae behavior and adult locomotion were assessed. We also
analyzed the activity and gene expression of AChE in larvae and
zebrafish adult brains after 96-h tebuconazole exposure.

2. Materials and methods

2.1. Animals

Embryo and larval (0e5 days post fertilization) and adult stage
(6e8 months, 0.2e0.4 g) wild-type Danio rerio from the Tübingen
background were used. Animals were obtained from our breeding
colony, which was maintained in recirculating systems (Zebtec,
Tecniplast, Italy) with reverse osmosis filtered water equilibrated to
reach the species standard temperature (28 �C ± 2 �C), pH (7.0 and
7.5), and ammonia, nitrite, nitrate and chloride levels. Animals were
subjected to a light/dark cycle of 14/10 h, respectively. Animals
received paramecium between 6 and 14 days post fertilization
(dpf), and after 14 dpf, they received commercial flakes (TetraMin
Tropical Flake Fish®) three times a day that were supplemented
with brine shrimp (Westerfield, 2000).

For breeding, females and males (1:2) were placed in breeding
tanks overnight that were separated by a transparent barrier, which
was removed after the lights went on the following morning. The
fertilized eggs that were retained in the fitted tank bottom were
used for the experiments. For the experiments with larvae, the
embryos were collected, sanitized and immediately subjected to
the treatment. For the experiments with adult animals, the em-
bryos were collected and maintained for up to 7 dpf at a density of
one larva per 7 mL in Petri dishes in a biochemical oxygen demand
(BOD) incubator. They were immediately transferred to a tank with
a density of one larva per 60 mL. When the animals reached 30 dpf,
they were maintained at a density of one animal per 200 mL until
adulthood.

Water used in the experiments was obtained from a reverse
osmosis apparatus (18 MOhm/cm) and was reconstituted with
marine salt (Crystal Sea™, Marinemix, Baltimore, USA) at 0.4 ppt.
The total organic carbon concentration was 0.33 mg/L. The total
alkalinity (as CO3

2�) was 0.030 mEq/L. During fish maintenance,
water parameters were monitored daily and maintained in the
following ranges: pH: 6.5 to 7.5; conductivity: 400 to 600 mS;
ammonium concentration: < 0.004 ppm; and temperature:
25e28 �C. The animals were euthanized by hypothermal shock. All
protocols were approved by the Animal Care Committee of Pon-
tifícia Universidade Cat�olica do Rio Grande do Sul (13/00354-CEUA-
PUCRS).

2.2. Tebuconazole exposure

For larvae treatment, embryos were placed in Petri dishes (30
embryos per dish), and subjected to tebuconazole (1-(4-
Chlorophenyl)-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)-3-



S. Altenhofen et al. / Chemosphere 180 (2017) 483e490 485
pentanol; PESTANAL®, Sigma-Aldrich, St. Louis, MO) treatment at
concentrations of 1, 2 and 4mg/L (Yu et al., 2013) for 120 h (1 h post
fertilization (hpf) to 5 dpf). Two control groups were utilized, one in
which the animals were exposed only towater and the another that
contained the vehicle (0.1% DMSO). Animals were monitored daily
for survival as determined by presence of a heartbeat. We per-
formed the assays at least in three different experimental days.

During adult treatment, animals of both sexes, with ages
ranging from 6 to 8 months, were placed in a 2 L aquarium (8 an-
imals per tank) and exposed to tebuconazole at concentrations of 1,
4 and 6mg/L (Sancho et al., 2010) for 96 h. Two control groupswere
utilized, one in which the animals were exposed only to water and
another that contained the vehicle (0.1% DMSO). We performed the
assays at least in three different experimental days.

2.3. Morphological measures

Potential tebuconazole teratogenicity was estimated by moni-
toring morphological defects in 5 dpf larvae under a stereo-
microscopy. Body length (mm), ocular distance (mm), and surface
area of the eyes (mm2) were evaluated (n ¼ 30) using NIS-Elements
D software for Windows 3.2 (Nikon Instruments Inc., Melville,
USA). Body length was estimated using the method described by
Capiotti et al. (2011) with modifications; the distance from the
larval mouth to the pigmented tip of the tail was measured. The
ocular distancewas evaluated using the distance between the inner
edge of the two eyes (similar to the inner intercantal distance in
humans), and the size of the eyes was determined bymeasuring the
surface area of the eyes (Lutte et al., 2015).

2.4. Behavioral analyses

2.4.1. Larvae exploratory behavior
The exploratory behavior of the larvae was based on Colwill and

Creton (2011) and was evaluated at 5 dpf. The experiments were
performed in a temperature-controlled room (27 ± 2 �C) between 1
pm and 5 pm. Each larva was individually placed in a cell culture
24-well plate containing 2 mL of water per well, and the total
distance travelled, absolute turn angles, and time outside area of
each animal were evaluated. After a 60 s acclimatization period, the
sessions were filmed and recorded for 5 min and were later
analyzed using ANY-Maze® software (Stoelting Co., Wood Dale, IL,
USA), which is able to track the swimming activity of the animals at
a rate of 30 positions per second. The video-tracking datawere then
used to determine the relevant measures through detection of
animals that was done by looking at the contrast between the an-
imals and the background of the apparatus. The data of the time
spent outside area indicated a behavior related to anxiety/fear,
when the larva enters a new environment it tends to swim against
the walls of the well, this behavior is related to the anxiety in this
animal (Colwill and Creton, 2011).

2.4.2. Adult behavior
Adult exploration was evaluated after 96 h of treatment. The

experiments were performed in a temperature-controlled room
(27 ± 1 �C) between 9 am and 1 pm. Animals were placed indi-
vidually in experimental tanks (30 cm long x 15 cm high x 10 cm
wide), and after 60 s of acclimatization, their locomotor behavior
was recorded for 5 min. The videos were analyzed using the ANY-
Maze® software (Stoelting Co. Wood Dale, IL, USA), with the
experimental tank divided into equal parts by three digital vertical
lines and one horizontal line. The behavioral parameters analyzed
were distance travelled, mean speed, line crossings, and time spent
in the upper zone (Gerlai et al., 2000). The time spent in the upper
zone indicated an anxiolytic-like behavior index because normal
exploratory behavior of the zebrafish, when introduced to a new
environment, is to spend more time at the bottom of the tank and
then gradually move to the upper zone after a few minutes (Levin
et al., 2007). The behavioral analysis was performed on a com-
puter using ANY-Maze® software (Stoelting CO, USA) to track the
swimming activity of the animals at a rate of 30 positions per
second. The video-tracking data were then used to determine the
relevant measures through the detection of animals, which was
done by looking at the contrast between the animals and the
background of the apparatus.
2.5. Determination of acetylcholinesterase activity

The experiments were conducted using samples containing a
pool of two adult brains and 10 larval brains. The animals were
euthanized by hypothermal shock (Matthews and Varga, 2012;
Wilson et al., 2009), and the samples were homogenized on ice
with an Ultra-Turrax (T10 basic IKA®) in 60 vol (v/w) of 50mM Tris-
HCl, pH 8.0. The protein was measured by the Coomassie blue
method (Bradford, 1976), and bovine serum albumin was used as a
standard. AChE activity was determined according to the method
proposed by Ellman et al. (1961) with minor modifications. The
activity in the homogenate was briefly measured by determining
the rate of hydrolysis of acetylthiocholine iodide (ACSCh, 0.88 mM)
in a final volume of 300 mL, with 33 mL of 100 mM phosphate buffer,
pH 7.5, mixed with 33 mL of 2.0 mM DTNB (5,50-dithionitrobis2-
nitrobenzoic acid). In this solution, 5 mg of protein from each
sample were added and preincubated at 25 �C for 10 min. The re-
action was started with the addition of the substrate acetylth-
iocholine, and as soon as the substrate was added, the hydrolysis
and the formation of the dianion of DTNB were analyzed in 412 nm
for 3 min (in intervals of 30 s) using a microplate reader. AChE
activity was expressed as micromoles of thiocholine (SCh) that
were released per hour per milligram of protein. All enzyme assays
were performed in at least four different experiments, and each one
was performed in triplicate.
2.6. Gene expression analysis by RT-qPCR

AChE gene expression was evaluated in both adult and larval
samples, using pools of 20 larvae and five zebrafish brains per
sample and following MIQE Guidelines (Bustin et al., 2009, 2013).
Total RNA was isolated using Trizol® reagent (Invitrogen, USA) and
was quantified by spectrophotometry using NanoDrop Lite (Ther-
moScientific, USA) after DNase treatment (DNase I Amplification
Grade, Sigma-Aldrich, EUA). The cDNA species were synthesized
using the ImProm-II™ Reverse Transcription System (Promega,
USA) and 1 mg of the total RNA as a template. Quantitative PCR
reactions were performed in 25 mL containing a final concentration
of 0.2 � SYBR Green I, 100 mM dNTP, 1 � PCR Buffer, 3 mM MgCl2,
0.25 U Platinum® Taq DNA Polymerase and 200 nM each of forward
and reverse primers (F: 50-GCTAATGAGCAAAAGCATGTGGGCTTG-
30; R: 50-TATCTGTGATGTTAAGCAGACGAGGCAGG-30) (Pereira et al.,
2012) plus 12.5 ml of diluted cDNA (1:50). PCR cycling conditions
followed an initial 5 min at 95 �C polymerase activation step, plus
40 cycles of 15 s at 95 �C for denaturation, 35 s at 60 �C for annealing
and 15 s at 72 �C for elongation. Finally, a melting curve analysis
was included with fluorescence measures from 60 �C to 99 �C. The
threshold cycle (Cq) values were obtainedwith 7500 Fast Real-Time
System Sequence Detection Software v.2.0.5 (Applied Biosys-tems).
Relative expression levels were determined using ef1a and rIp13a
as reference genes (Tang et al., 2007) by the 2�DDCq method, using
raw fluorescence data to calculate PCR efficiency per sample in
LinRegPCR Software v2016.1 (http://LinRegPCR.nl).

http://LinRegPCR.nl
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2.7. Statistical analysis

Results from the behavioral analysis, morphological measures
and acetylcholinesterase activity and expression are expressed as
the mean ± S.E.M. The data were analyzed using one-way ANOVA,
followed by post-hoc Tukey’s test. For all comparisons, the signif-
icance level was set at p < 0.05. A Pearson’s correlation was per-
formed to morphological measures, considering as factors body
length, ocular distance and surface area. Positive correlation was
considered when r2 > 0.850, and negative correlation when
r2 > �0.850.

3. Results

First, it was observed that the water-control group did not differ
in comparison to the 0.1% DMSO-vehicle group in all parameters
analyzed in this study.

The effect of tebuconazole exposure on larva-morphological
parameters was verified. Tebuconazole was able to increase the
ocular distance (mm) in larvae that were exposed to 4 mg/L
Fig. 1. Effects of 120-h tebuconazole exposure. Body length (a), ocular distance (b) and surfa
the mean ± S.E.M. of 30 animals analyzed individually for each group using one-way ANO
parameters at 5 dpf larvae, with scale bar showing the body length and ocular distance of
(F(4,145) ¼ 5.379; n¼ 30; p ¼ 0.0005; Fig. 1b) when compared to the
0.1% DMSO group. However, there were no differences in body
length (F(4,145) ¼ 3.131; n ¼ 30; p ¼ 0.1404) or surface area
(F(4,145) ¼ 1.738; n ¼ 30; p ¼ 0.1448) of the eyes between the 0.1%
DMSO group and the tebuconazole-exposed groups (Fig. 1a and c,
respectively). In addition, the Pearson’s correlation was performed
considering as factor the body length, ocular distance and surface
area. The data showed no correlation (r2 ¼ 0.640, which was the
highest value obtained in our analysis) between the groups when
analyzed these factors (data not shown).

The exploratory behavior of the larvae was examined at 5 dpf to
determine whether tebuconazole exposure could alter larvae
locomotion and orientation. Animals that were exposed to tebu-
conazole at concentrations of 4 mg/L displayed reduced locomotor
behavior when compared to the 0.1% DMSO group. The parameter
of distance travelled (F (4,105) ¼ 5.567; n ¼ 22; p ¼ 0.0004; Fig. 2a),
absolute turn angle (F (4,105)¼ 3.132; n¼ 22; p¼ 0.0178; Fig. 2b) and
time outside area (F (4,105) ¼ 6.541; n¼ 22; p < 0.0001; Fig. 2c) were
also affected, showing decreases after exposure to this fungicide.
Moreover, it was observed that adult animals that were exposed to
ce area of the eyes (c) were evaluated in zebrafish larvae at 5 dpf. Data are expressed as
VA followed by Tukey’s post-hoc test. **p < 0.01. (d) Pictures represent morphological
the larvae exposed to water, vehicle and tebuconazole concentrations.



Fig. 2. Effects of 120-h tebuconazole exposure in exploratory behavior of zebrafish larvae. Distance travelled (a), absolute turn angle (b) and time outside area (c) were evaluated at
5 dpf. Data are expressed as the mean ± S.E.M. of 22 animals analyzed individually for each group using one-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05, **p < 0.01.
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tebuconazole at concentrations of 4 and 6 mg/L had reduced trav-
elled distances (F (4,120) ¼ 8.761; n ¼ 25; p < 0.0001; Fig. 3a)
compared with the 0.1% DMSO group. However, this fungicide did
not alter the parameters of line crossing (F (4,120) ¼ 1.410; n ¼ 25;
p ¼ 0.2347; Fig. 3b) or time spent in the upper zone (F
(4,120)¼ 0.2755; n¼ 25; p¼ 0.8933; Fig. 3c), when 0.1% DMSO group
were compared with tebuconazole-exposed groups.

To verify whether the behavioral changes promoted by tebu-
conazole could be related to cholinergic signaling, AChE activity
was performed in both larvae and adult zebrafish brains. Tebuco-
nazole did not alter the ACh catabolism in larvae treated with 1 and
2 mg/L when compared to the 0.1% DMSO group (Fig. 4a). However,
this fungicide reduced the AChE activity in zebrafish larvae that
were exposed to 4mg/L for 120 h (F (4,15)¼ 6.770; n¼ 4; p¼ 0.0025;
Fig. 4a). Similarly, when the adult animal brain was analyzed, this
fungicide was found to reduce AChE activity in animals that were
treated with 4 and 6 mg/L for 96 h, when compared to the 0.1%
DMSO group (F (4,25) ¼ 13.34; n ¼ 6; p < 0.0001; Fig. 4b). On the
other hand, the results demonstrate that tebuconazole did not alter
the ACh cascade in the brains of animals exposed to 1 mg/L when
compared to the 0.1% DMSO group (Fig. 4b).

To determinewhether the changes in enzyme activity promoted
by tebuconazole exposure could be a consequence of transcrip-
tional control, a RT-qPCR analysis was carried out to assess the
enzyme expression. The analysis of the relative expression of AChE
demonstrated that the amount of mRNA transcripts in zebrafish
larvae increased significantly after tebuconazole exposure at con-
centrations of 4mg/L (F (2,20)¼ 3.781; n¼ 4; p 0.0405; Fig. 5a) when
compared to the 0.1% DMSO group. However, the results did not
show significant differences in mRNA transcripts of AChE in adult
zebrafish brains, after 96-h fungicide exposure at concentrations of
4 and 6 mg/L (F (3,28) ¼ 0.3211; n ¼ 4; p ¼ 0.8100; Fig. 5b) when
compared to the 0.1% DMSO group.
Fig. 3. Effects of 96-h tebuconazole exposure in locomotor behavior of zebrafish larvae. Di
evaluated 96 h after treatment. Data are expressed as the mean ± S.E.M. of 25 animals analyz
***p < 0.001.
4. Discussion

In the present study, we evaluated the effects of different con-
centrations of tebuconazole in both the larval and adult stages of
zebrafish development. This study has shown that 96-h exposure to
tebuconazole causes small morphological alterations in zebrafish
larvae. In addition, this fungicide causes behavioral and neuro-
chemical changes in animals that are submitted to treatment in the
larval or adult stage.

This study found that larvae exposed to the highest concentra-
tion of tebuconazole for 120 h showed an increase in ocular dis-
tance, which is a parameter verified at 5 dpf. However, this
fungicide did not cause changes in the body length or ocular surface
area of this animal. Studies have shown that others neurotoxic
agents can cause numerous morphological changes in zebrafish
larvae. Richendrfer et al. (2012) and Kienle et al. (2009) observed
that chlorpyrifos, exposed at 7 and 11 dpf, respectively, had spinal
deformity, cardiac edema and reduction of body size. In addition,
one study demonstrated that exposure of over 144 hpf to the
fungicide thifluzamide also caused cardiac edema and deformation
in the spine (Yang et al., 2016). Morphological changes were also
observed in larvae obtained from adults that were exposed to sub-
lethal concentrations of endosulfan over 96 h (Velasco-Santamaría
et al., 2011).

Studies have shown that pesticides can alter exploratory pa-
rameters in zebrafish larvae (Andrade et al., 2016; Jin et al., 2016;
Liu et al., 2016; P�erez et al., 2013). In this study, we demonstrated
that exposure to tebuconazole for 120 h was able to reduce the
exploratory capacity of zebrafish larvae, when analyzed at 5 dpf.
Exposure to a 4 mg/L concentration also caused alterations in all
parameters analyzed. The reductions in distance travelled, absolute
turn angle and time outside the area of the well indicate that the
animal that has been exposed to tebuconazole has impaired
stance travelled (a), line crossing (b) and time spent in the tank upper zone (c) were
ed individually for each group using one-way ANOVA followed by Tukey’s post-hoc test.



Fig. 4. Effects of 120 and 96-h tebuconazole exposure in zebrafish at the larvae stage (a) and in the adult zebrafish brain (b), respectively, on AChE activity at different concen-
trations. Data are expressed as the mean ± S.E.M. of four and six independent experiments, respectively. Results were analyzed using one-way ANOVA followed by Tukey’s post-hoc
test. *p < 0.05, **p < 0.01, ****p < 0.0001.

Fig. 5. Effects of 120 and 96-h tebuconazole exposure in zebrafish at the larvae stage (a) and in the adult zebrafish brain (b), respectively, on AChE gene expression at different
concentrations. Data are expressed as the mean ± S.E.M. of four independent experiments. Results were analyzed using one-way ANOVA followed by Tukey’s post-hoc test.
*p < 0.05.
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movements. Other studies have shown that some pesticides are
also capable of altering the exploratory capacity of the zebrafish
larva. Carbendazim and, atrazine and their subsequent metabolites,
caused a significant reduction in distance travelled in larvae
analyzed at 5 dpf and exposed for 120 h (Andrade et al., 2016; Liu
et al., 2016). This decrease in exploratory behavior shows that
zebrafish larvae that are exposed to tebuconazole could be more
susceptible to predation since their locomotor state was altered
after this fungicide exposure.

Behavioral changes related to locomotion have also been seen in
adult animals. The results of this study showed that tebuconazole
exposure for 96 h reduced zebrafish locomotion. Data on the dis-
tance travelled were lower for two of the tested concentrations, 4
and 6 mg/L, when compared with the control groups. Data with
other pesticides also show a reduction in the swimming capacity of
the adult zebrafish. Tilton et al. (2011) observed that chlorpyrifos
significantly reduced the treated adult animal’s swimming rate for
24 h. Likewise, Pereira et al. (2012) demonstrated that the 96-h
exposure to endosulfan reduces the distance travelled and mean
speed, which agrees with our study. The analysis of line crossings
and time spent in the upper zone of the aquarium was not altered
by tebuconazole exposure. Although this fungicide reduced loco-
motor behavior, becoming the treated larvae slower than the con-
trol group, the ability to explore the environment remained similar
in both groups. The behavioral differences observed in adult and
larvae may be related to the effect of the exposure to this fungicide
in different developmental stages.

The analysis of AChE activity was done to verify whether tebu-
conazole could be interfering in the behavior through the cholin-
ergic system since ACh is linked to movement. The analysis
performed on larvae showed that the same concentration needed
to alter the behavior (4 mg/L) caused a reduction in AChE activity,
which is responsible for the acetylcholine catabolism. Similarly,
AChE activity in the adult zebrafish brain was decreased in con-
centrations (4 and 6 mg/L) that altered zebrafish behavior. There-
fore, this fungicide is capable of altering AChE activity and may
promote behavioral changes in animals, which suggests the
involvement of cholinergic signaling in these effects. To verify that
this fungicide was able to promote transcriptional control, RT-qPCR
analysis was carried out for the treatment concentrations that
altered AChE activity. We determined that tebuconazole increased
AChE mRNA transcripts at a concentration of 4 mg/L in zebrafish
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larvae. However, this fungicide did not alter transcript levels of a
gene related to AChE in any of the concentrations tested (4 and
6 mg/L).

Studies of larvae showed that chlorpyrifos and atrazine were
also able to reduce AChE activity (Richendrfer and Creton, 2015;
Sun et al., 2016). In contrast to our results, which showed
increased AChE expression in zebrafish larvae that were exposed to
tebuconazole, studies have shown that organophosphates and
atrazine metabolites reduced AChE activity and also decreased the
gene expression of this enzyme (Liu et al., 2016; Sun et al., 2016).
Roex et al. (2003) verified a reduction of AChE activity in adult
zebrafish brains after exposure to parathion over a period of 142
and 250 days. Endosulfan, an insecticide from coffee crop pests, also
reduced AChE activity, and similar to our study results, it did not
alter the gene expression of this enzyme in adult zebrafish brain
that were exposed for 96 h (Pereira et al., 2012). AChE can be used
as a marker of cholinergic function since its levels are controlled by
the interaction of ACh with its receptors, and when this interaction
is accentuated, AChE levels increase (Fernandez and Hodges-
Savola, 1992). Thus, our findings suggest that the inhibition of
AChE may induce an increase of the availability of ACh in the
synaptic cleft. The inhibitory effect on AChE is not directly related to
transcriptional control at this tebuconazole treatment, since there
was an increase of mRNA AChE transcript in larvae changes on
AChE activity and there were no changes on AChE gene expression
in adults. Therefore, it is possible to suggest that these changes on
AChE activity involves a posttranscriptional or post-translational
modulation. Another possibility to explain our results is that
tebuconazole exposure may be causing destruction to cholinergic
neurons, and therefore resulting in loss of AChE activity.

Previous studies have demonstrated that inhibition of AChE
activity may be involved in locomotor changes in zebrafish larvae.
Richendrfer and Creton (2015) verified that a reduced AChE activity
promoted by exposure to chorpyrifos induced a decrease on loco-
motor parameters in 5 dpf zebrafish larvae. Jin et al. (2015) also
observed a decrease in locomotion in zebrafish larvae at 96 hpf,
which is also related to AChE inhibition by clorpyrifos. For adult
zebrafish, Pereira et al. (2012) observed that endosulfan decreased
AChE activity and this exposure also decreased distance travelled,
but did not alter line crossings. Therefore, it is possible to suggest
that AChE inhibition induced by tebuconazole may be involved in
the changes in locomotion observed in zebrafish larvae and adults.

In summary, our findings indicate that tebuconazole can affect
morphological parameters and cholinergic signaling by inhibiting
AChE, and these changes could be related to the behavioral deficit
presented by the zebrafish in both larval and adult stages.
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