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Abstract 26 

 27 

Brazil is the largest producer of sugarcane, a crop largely dependent on chemical control 28 

for its maintenance. The insecticide fipronil and herbicide 2,4-D stand out among the 29 

most commonly used pesticides and, therefore, environmental consequences are a matter 30 

of concern. The present study aimed to investigate the toxicity mechanisms of Regent® 31 

800 WG (a.i. fipronil) and DMA® 806 BR (a.i. 2,4-D) pesticides using forced and non-32 

forced exposures through an integrative approach: firstly, to assess whether 33 

contamination by fipronil and 2,4-D can trigger the avoidance behavior of the fish Danio 34 

rerio (zebrafish) and Hyphessobrycon eques (serpae tetra or mato-grosso). Additionally, 35 

the effects on fish were analyzed considering the swimming behavior together with a 36 

biomarker of neurotoxicity, the activity of acetylcholinesterase (AChE). In avoidance 37 

tests with pesticide gradients, D. rerio avoided the highest concentrations of the two 38 

compounds and H. eques avoided only the highest concentration of 2,4-D. The swimming 39 

behavior (distance moved) was reduced and AChE was inhibited when D. rerio was 40 

exposed to fipronil. The 2,4-D affected the swimming (maximum speed) of H. eques, but 41 

AChE was not altered. Avoidance response seemed not to have been affected by possible 42 

effects of contaminants on swimming behavior and Ache activity. This study showed the 43 

importance of knowing the avoidance capacity, swimming behavior and neurotoxic 44 

effects of pesticides on fish in an integrated and realistic context of exposure in 45 

environments contaminated with pesticides and can be useful as ecologically relevant 46 

tools for ecological risk assessment. 47 

 48 

Keywords: Pesticides; Danio rerio; Hyphessobrycon eques; Habitat disturbance; 49 

Acetylcholinesterase50 
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1. Introduction 51 

Brazil is one of the largest biofuel producers, mainly considering the sugarcane ethanol 52 

(Martinelli and Filoso, 2008). However, sugarcane crops are widely dependent on 53 

chemical control to maintain plantations. In this context, concerns about the risk faced by 54 

aquatic ecosystems around sugarcane areas have increased, for example by the input of 55 

chemicals, such as pesticides (Martinelli and Filoso, 2008). Fipronil and 2,4-D stand out 56 

for being prominent pesticides applied in sugarcane cultivation and have been constantly 57 

found in Brazilian water bodies (Albuquerque et al., 2016; CETESB, 2018). The 2,4-D 58 

was detected in aquatic environments located in areas with a predominance of sugarcane 59 

crops in the state of São Paulo, Brazil, at concentrations between 175.1 and 366.6 μg/L, 60 

and for fipronil, the concentrations observed ranged from 6 to 465 μg/L (CETESB, 2018). 61 

Both compounds are also used in several other agricultural crops, including rice, corn, 62 

soy and wheat, and their presence has also been reported in water bodies worldwide in 63 

concentrations ranging from 0.7 - 153 ng/L of fipronil (Fang et al., 2019) and from 0.062 64 

- 12 μg/L of 2,4-D (Islama et al., 2018). 65 

The insecticide fipronil acts directly on γ-aminobutyric acid chloride (GABA) channels 66 

in insects for disturbing neuronal signaling (Gunasekara and Troung, 2007). Studies have 67 

also indicated that GABA antagonists, such as fipronil, cause several effects, e.g., 68 

seizures, hyperactivity and death in fish (Beggel et al., 2012). Other studies suggest that 69 

fipronil induces the production of reactive oxygen species in fish cells, which can lead to 70 

increased oxidative stress and cell damage (Möhler et al., 2004; Ki et al., 2012; Margarido 71 

et al., 2013). Menezes et al. (2016) when exposing carp (Cyprinus carpio) and silver 72 

catfish (Rhamdia quelen) to 0.65 µg/L fipronil for 192 h observed inhibition of 73 

acetylcholinesterase (AChE). Gripp et al. (2017) showed that exposure to fipronil and its 74 

metabolites at environmentally relevant concentrations can damage the antioxidant 75 
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system and establish oxidative stress in tadpoles of the species Eupemphix nattereri, 76 

resulting in changes in their physiological conditions. 77 

The herbicide 2,4-D interferes with the growth processes of broadleaf plants by an action 78 

similar to auxins (Walters, 2011). However, adverse effects of vertebrate exposure to the 79 

herbicide 2,4-D have also been reported (Zuanazzi et al., 2020). Pericardial edema was 80 

observed in zebrafish embryos when exposed to a concentration of 25 mg/L after 70 h (Li 81 

et al., 2017). Genotoxic effects occurred in the fish Cnesterodon decemmaculatus, where 82 

animals exposed to the range of 252-756 mg/L had an increased frequency of micronuclei 83 

after 48 and 96 h (Arcaute et al., 2016). The results obtained by da Fonseca et al. (2008) 84 

indicated that 2,4-D (1 or 10 mg/L) affects brain and muscle AChE activity and some 85 

blood and tissue metabolic parameters of Leporinus obtusidens. Gaaied et al. (2019) 86 

tested concentrations of 2,4-D from 0.02 to 0.8 mg/L on zebrafish (Danio rerio) embryos 87 

from 3 h post fertilization to 96 hpf and the effect of 2,4-D in ChE was translated by an 88 

inhibition of the enzyme activity in all treated groups. For amphibians, metamorphosis 89 

was delayed in tadpoles of Physalaemus centralis after 21 day-exposure to 2,4-D at 90 

concentrations of approximately 130 and 260 mg/L (Figueiredo and Rodrigues, 2014). 91 

Lithobates catesbeianus tadpoles distinguished gradients with increasing environmental 92 

concentrations of 2,4-D, so that the population preferentially moved towards the lowest 93 

concentrations (Freitas et al., 2019). 94 

The evidence that fipronil and 2,4-D cause toxic effects on aquatic organisms has been 95 

shown by an exposure approach in which organisms are forcedly exposed to contaminants 96 

(forced exposure). In spite of the importance of this approach to predict the potential 97 

toxicity of chemicals, previous studies have indicated that different species of animals 98 

(fish, amphibians and some invertebrates) can detect and avoid contaminated 99 

environments, preventing them from suffering the toxic effects of the pollutant to which 100 
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they are exposed (reviews by Araújo et al., 2016 and Moreira-Santos et al., 2019 and 101 

references therein). These studies used unforced exposure systems, in which organisms 102 

move freely among many concentrations and select the most favorable one. This change 103 

in approach provides a new view of contamination risk focused on how the repellency of 104 

contaminants influences the spatial distribution of organisms (Araújo et al., 2016; 105 

Moreira-Santos et al., 2019).  106 

Considering these points, the present study aimed initially to assess whether the fish 107 

species Danio rerio (zebrafish) and Hyphessobrycon eques (serpae tetra or mato-grosso) 108 

detect and avoid the contamination gradient of Regent® 800 WG (a.i. fipronil) and DMA® 109 

806 BR (a.i. 2,4-D) by moving to less contaminated habitats. Considering that both 110 

compounds might affect the cholinergic system in fish (da Fonseca et al., 2008; Menezes 111 

et al., 2016; Gaaied et al., 2019), we also evaluated if the pattern of avoidance response 112 

to avoid fipronil and 2,4-D could be closely related to the effects on swimming behavior 113 

(maximum speed and distance moved) and neurotoxicity (measured through enzyme 114 

activity of acetylcholinesterase - AChE). H. eques and D. rerio fish were used in the 115 

experiments because they are suitable for maintenance in laboratory conditions, they were 116 

sensitive in bioassays and have high ecological relevance, as they occur in freshwaters of 117 

the tropical region (Spence et al., 2008; Shukla and Bhat, 2017; Fujimoto et al., 2013). In 118 

addition, using the two species allows us to compare the responses of a biological model 119 

(D. rerio) and a native species still little used in ecotoxicological studies (Mansano et al., 120 

2018). To the best of our knowledge, this is the first study that attempts to explain how 121 

impairments in swimming behavior and enzymatic changes on a neurotoxicity biomarker 122 

(AChE) might affect the ability of fish to avoid contamination. Thus, integrating two 123 

different exposure approaches: forced and un-forced exposure systems. 124 

 125 
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2. Material and methods 126 

2.1 Test organisms and culture conditions 127 

Adult individuals of the H. eques (4-6 months old, body weight 0.40 ± 0.07 g, body size 128 

3.1 ± 0.16 cm) and D. rerio (4-6 months old, body weight 0.29 ± 0.06 g, body size 3.0 ± 129 

0.23 cm) were acquired from a local commercial hatchery in São Carlos (SP, Brazil) and 130 

cultivated as described in Mansano et al. (2018) and ABNT 15088/2016 (ABNT, 2016) 131 

for H. eques and D. rerio, respectively. The use of the fish was approved by the Ethics 132 

Committee on the use of animals (CEUA/EESC-USP no.01/2020). The fish were 133 

acclimated for one week before beginning the tests and were kept in aquaria containing 134 

50 L of natural well water. About 20% of the water in the aquaria was renewed every day. 135 

The animals were kept under a controlled temperature at 25 ± 2 ºC, pH (7.0 ± 1.0), 136 

dissolved oxygen (80% air saturation), a photoperiod of 12 h of light: 12 h of darkness 137 

and a density up to 1 animal per liter. The fish were fed daily, at least twice, with flaked 138 

fish food (Tetramin®) until one day before the beginning of the tests.  139 

 140 

2.2 Chemicals and test concentrations 141 

The commercial formulation DMA® 806 BR (purchased from Dow AgroSciences 142 

Industrial Ltda., Brazil) is 67% w/v active ingredient (a.i.) - 2,4-D acid equivalent, (80.6% 143 

w/v of - 2,4-D, dimethylamine salt) (41.9% w/v inert ingredients) and Regent® 800 WG 144 

(purchased from BASF, Brazil) is 80% w/v active ingredient (20% w/v of inert 145 

ingredients). In the sublethal toxicity and behavior tests with fish species, stock solutions 146 

of 1 g/L of 2,4-D (administered as DMA® 806 BR) and 3.2 mg/L of fipronil (administered 147 

as Regent® 800 WG) were used. The nominal test concentrations of each chemical were 148 

obtained by diluting their respective stock solutions in natural well water. The stock 149 

solutions and test concentrations were prepared immediately before testing. 150 
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 151 

2.3 Chemical analysis of pesticides 152 

The stock solution and samples from the avoidance experiments for 2,4-D were diluted 153 

in an H2O/MeOH 70:30 v/v mixture and filtered through a syringe filter (PTFE 0.22 μm). 154 

The stock solution of fipronil was diluted in a filtered H2O/MeOH 70:30 v/v and filtered 155 

(PTFE 0.22 μm), whereas samples from the avoidance experiments did not need dilution 156 

were filtered through a syringe filter (PTFE 0, 22 μm) and then analyzed. The samples of 157 

the behavior (swimming) experiments for 2,4-D and fipronil were prepared in the same 158 

way as described previously for the escape experiments. 159 

The quantification of the compounds was performed by liquid chromatography coupled 160 

to tandem mass spectrometry (LC-MS/MS). An Agilent chromatograph model 1200 was 161 

used, equipped with a binary pump, automatic injector and a thermostatic column 162 

compartment. The chromatographic separation was performed with a Zorbax SB-C18 163 

column (2.1x30 mm, the particle size of 3.5 μm) at 30 °C. The mobile phase consisted of 164 

ultrapure water (A) and methanol (B), previously filtered through membranes with 0.2 165 

µm porosity, containing 0.01% (v/v) NH4OH (an additive that favors the ionization of 166 

the compounds). The instrumental quantification limits for 2,4-D and fipronil were 5 µg/L 167 

and 0.5 µg/L, respectively. The linear working range was 5 to 300 µg/L for 2,4-D and 0.5 168 

to 300 µg/L for fipronil. 169 

 170 

2.4 Unforced exposure system 171 

A multi-compartmentalized system was constructed by gluing 14 (2 bottles for each 172 

compartment) 500 ml bottles (Indeplast®) in a row (Figure 1). The glue used was PU 173 

Sealant General Purpose Geminni®. The compartments were opened at both ends so that 174 

the fish could move freely between them. The connection between compartments was 175 
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performed using sections of transparent, non-toxic silicone hose. The system had seven 176 

compartments and a total volume of 2100 mL, with each compartment having a volume 177 

of 300 mL. 178 

Figure 1 179 

A spatial distribution control in the multi-compartmental experimental system was carried 180 

out in triplicate to validate the assumption that, in the absence of a chemical stressor, the 181 

fish had no spatial preference and would be randomly distributed among the seven 182 

compartments. Three fish of each species were transferred to each compartment 183 

containing only natural well water and their distribution was recorded after 10 hours (final 184 

experimental time) (n = 21). Avoidance control tests were performed by each species 185 

separately. 186 

 187 

2.5 Avoidance tests 188 

In the avoidance tests, only one species was introduced in the system, with a density of 189 

three individuals per compartment. Avoidance tests with a gradient of fipronil and 2,4-D 190 

were performed: 21 fish (3 fish per compartment). In each system, the same gradient of 191 

fipronil and 2,4-D were prepared from their respective stock solution with the following 192 

nominal concentrations: 6.25, 12.5, 25, 50, 75 and 100 µg for fipronil and 200, 400, 800, 193 

1500, 2000 and 2500 µg a.i./L for 2,4-D. The tested concentrations were established using 194 

a literature review on the environmental concentrations of fipronil and 2,4-D in surface 195 

waters, as presented in the introduction. In addition, previous acute toxicity tests exposing 196 

D. rerio to Regent® (a.i. fipronil) and DMA® (a.i. 2,4-D) showed mean LC50-96 h values 197 

of 172 ± 30 μg a.i./L for the insecticide and 483000 ± 18000 μg a.i./L for the herbicide 198 

(data not shown). Thus, experiments were carried out only with sublethal concentrations 199 

to fish. 200 
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To avoid mixing test solutions between compartments during the disposal of the 201 

concentrations, they were isolated from each other with non-toxic modeling clay. 202 

Afterwards, the fish were introduced and finally the plasticine plugs were removed. All 203 

tests (control without contaminants and avoidance with a gradient of pesticides) were 204 

performed in a dark room at 25 ± 2 °C. The distribution of individuals among the system 205 

compartments was initially recorded after 4 hours and every 2 h for 10 h of exposure (4, 206 

6, 8 and 10 hours), in which the plasticine plugs were inserted in the connections between 207 

the adjacent compartments and allowed the quantification of fish in each compartment.  208 

The six clays were inserted simultaneously by three people. The exposure time (10 h) was 209 

established considering that it is enough time to detect avoidance response in fish and to 210 

prevent excessive mix among the concentrations (Araújo et al., 2014a). The organisms 211 

were not fed during the tests. All experiments were conducted in triplicate for each 212 

pesticide. At the end of the tests, the plasticine plugs were inserted between adjacent 213 

compartments to close the connections and the samples were then taken to determine the 214 

final concentrations of the pesticides. 215 

 216 

2.6 Analysis of swimming behavior 217 

Sublethal toxicity tests were performed for 10 h (total time of the avoidance experiment), 218 

exposing the fish H. eques and D. rerio to pesticides. The concentrations of the 219 

compounds were 50, 75 and 100 µg a.i./L for fipronil and 750, 1000 and 1500 µg a.i./L 220 

for 2,4-D. For both insecticide and herbicide, the tested concentrations are similar to the 221 

three highest concentrations tested in the avoidance experiment. The control consisted of 222 

natural well water, also used as dilution water. 223 

Each experimental unit consisted of a plastic container (Prafesta®) containing 1 L of the 224 

test solution and two test organisms, with three replicates per treatment (n = 6). The 225 
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sublethal tests were carried out under the same conditions as the organisms were exposed 226 

in the avoidance experiments (25 ± 2 °C and in a dark room). Basic physical-chemical 227 

parameters of water, including pH, electrical conductivity, temperature, and dissolved 228 

oxygen were measured at the beginning and at the end of the test. 229 

At the end of 10 h of exposure, video analyses were performed to record the swimming 230 

behavior of three individuals from each concentration (1 fish out of the 2 from each 231 

replicate). The videos were shot in Full HD 1080p (30 fps) on a 16MP resolution camera 232 

(size 4:3). An animal was placed in a round transparent plastic container (15 cm) with the 233 

respective tested concentrations of insecticide and herbicide and filmed in high definition 234 

for 1 min, and observations were made under the light. The fish were acclimated for 10 235 

minutes before the videos started. During the filming time, the organism was stimulated 236 

3 times timed with a light touch with a Pasteur pipette. Videos were analyzed using the 237 

Kinovea software (2020) v.0.8.26 (https://www.kinovea.org/), adapting the methodology 238 

used by Khayrullin et al. (2016) with Danio rerio. This software was calibrated using the 239 

measures of the pot to measure the maximum speed (m/s) and distance moved (cm) as 240 

parameters of the behavior in swimming.  241 

 242 

2.7 Acetylcholinesterase (AChE) activity 243 

The fish used to assess the swimming behavior were later used to analyze AChE activity. 244 

After 10 h of exposure, groups of 6 fish per treatment were collected together in 245 

microtubes, quickly frozen in liquid nitrogen and stored at -80 °C until enzymatic 246 

analysis. To evaluate the activity of AChE, the fish were fully homogenized in a 1:10 247 

(weight/volume) ratio in a cold solution (4 °C) of 0.1 M potassium phosphate pH 7.8 and 248 

for 10 min at 4 °C the samples were centrifuged at 10,000 g. The enzyme was analyzed 249 

in the supernatant fraction. The enzymatic activity of AChE was performed in a 250 
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microplate reader - Spectramax® Plus 384, following the methodology of Ellman et al. 251 

(1961). The formation of a derivative thiol produced by the action of the enzyme is 252 

measured on the substrate, which reacts with the 5,5'-Dithiobis-(2-Nitrobenzoic Acid) 253 

(DTNB) that was monitored at 412 nm at 30 °C for 5 mi (11 cycles with a 30 s interval 254 

between the readings). We used acetylthiocholine (CAS Number 1866-15-5, Sigma-255 

Aldrich) as a substrate to analyze AChE activity. Activities were expressed in nmol min−1 256 

mg protein. The protein concentration was determined by the Bradford method (Bradford, 257 

1976) at 595 nm, and as a standard bovine serum albumin (BSA) was used. 258 

 259 

2.8 Statistical analysis 260 

In the multi-compartmented approach, a mixed-design ANOVA with repeated 261 

measurements was used to assess the distributions of the fish along the compartments as 262 

described by Silva et al. (2018) and the calculation of the avoidance response (in %) was 263 

based on Moreira-Santos et al. (2008). A more detailed description has been provided in 264 

Supplementary Material. Finally, the concentrations that trigger avoidance for 20, 50 and 265 

80% of the populations (AC20, AC50 and AC80, respectively) were calculated by PriProbit 266 

(Sakuma, 1998) considering the mean values of the four exposure times. 267 

The analysis of the swimming behavior data (maximum speed and distance moved) and 268 

the biochemical marker of neurotoxicity (AChE) were performed using the SigmaPlot 269 

v11.0 software (Systat, 2008). Normality (Shapiro-Wilk) and homogeneity of data 270 

(Levene) were verified and differences between treatments were assessed by analysis of 271 

variance (ANOVA). In the case of data that met the criteria of normality and 272 

homoscedasticity, Dunnett's post-hoc was performed. For data that did not meet these 273 

requirements, the Kruskal-Wallis non-parametric test was used, followed by Dunn's post-274 
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hoc test. All statistical tests were considered significantly different when p < 0.05 (Systat, 275 

2008). 276 

 277 

3. Results 278 

3.1 Validation of tests, abiotic variables, and chemical analyses 279 

The initial concentrations of the swimming behavior and AChE enzyme activity tests 280 

were quantified. They were: 47.6 ± 2.55, 62.2 ± 2.40 and 100.1 ± 0.74 μg a.i./L for the 281 

respective nominal concentrations of fipronil of 50, 75 and 100 μg a.i./L. and, for 2,4-D, 282 

the values of 1169.38 ± 147.62, 1423.1 ± 24.61 and 2083 ± 99.6 μg a.i./L were detected 283 

for the respective nominal concentrations of 1000, 1500 and 2000 μg a.i./L. In the 284 

controls, none of the compounds were quantified (< quantification limits). For the 285 

representation of results, nominal concentrations were chosen. 286 

For avoidance tests, the final concentrations were quantified at the end of the experiment, 287 

after 10 h. The fipronil values detected in the system compartments were: 15.5 ± 0.19, 288 

6.1 ± 0.27, 9.4 ± 0.75, 40.2 ± 2.3, 66 ± 4.69, 75 ± 2.22 and 97.5 ± 4.48 μg a.i./L for the 289 

control and the respective nominal concentrations of 0, 6.25, 12.5, 25, 50, 75 and 100 μg 290 

a.i./L. The final concentrations of 2,4-D detected in the control compartment and in the 291 

rest of the system were: 84.3 ± 1.16, 220 ± 3.2, 448 ± 1.9, 790 ± 25, 1345 ± 86, 1894 ± 292 

10 and 2613 ± 47 μg a.i./L for the respective nominal concentrations of 2,4-D: 0, 200, 293 

400, 800, 1500, 2000 and 2500 μg a.i./L. Considering that (i) the quantification of 294 

concentrations was performed at the end of the tests, which supposes a mix among the 295 

concentrations in relation to the initial concentration, (ii) those concentrations were very 296 

similar to the initial nominal concentrations (except in the control compartments), and 297 

(iii) the avoidance response after 4 h (minimal mix) already showed the trend of the 298 
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organisms to avoid the chemicals, and it was decided to use the nominal concentrations 299 

to represent the results. 300 

The physical-chemical conditions of the water remained stable throughout the 301 

experiments for all treatments, with temperatures ranging from 23.6 to 24.7 °C; pH from 302 

6.8 to 7.3; electrical conductivity from 25 to 44.4 μS/cm and dissolved oxygen from 6 to 303 

7.0 mg/L. 304 

The fish distributions in the avoidance control tests (using natural well water) were 305 

analyzed for the experiment (21 fish per system) to determine whether the distribution 306 

was random. No avoidance or preference for any side of the system was recorded in the 307 

organisms tested. The fish distribution was random, with no statistically significant 308 

differences in the percentage of organisms between the compartments (F6, 14 = 0.09, p = 309 

0.99 for D. rerio and F6, 14 = 0.04, p = 0.99 for H. eques). 310 

 311 

3.2 Avoidance responses to the pesticide gradients 312 

The mean data of avoidance response to the gradient of fipronil and 2,4-D of the two 313 

species fish, D. rerio and for H. eques, and the four observation periods in the tests are 314 

shown in Table S1. For D. rerio (Tables S2 and S3), the avoidance percentage of the 315 

organisms was influenced by the different concentrations of fipronil (F6, 14 = 16.693, p < 316 

0.001), but not by the different time intervals observed (F2.137, 29.922 = 1.819 after 317 

Greenhouse-Geisser correction, p = 0.178) (Tables S2). There was also no statistically 318 

significant effect for the interaction of the two fixed factors (time and compartment) (F 319 

12.824, 29.922 = 0.636 after the Greenhouse-Geisser correction, p = 0.850). Considering the 320 

mean organisms’ distribution, the avoidance percentage represented in Figure 2A shows 321 

an avoidance higher than 40% from 50 µg/L, reaching almost 100% at 100 µg/L. 322 
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When D. rerio were exposed to the 2,4-D contamination gradient, only the concentrations 323 

of the herbicide influenced the organisms’ distribution (F6, 14 = 70.716, p < 0.001); for the 324 

time and the interaction of the two factors (time and compartments), there were no 325 

statistically significant effects (time: F2.425, 33.943 = 1.217 after Greenhouse-Geisser 326 

correction, p = 0.315; time and compartment: F14.547, 33.943 = 0.892 after Greenhouse-327 

Geisser correction, p = 0.577) (Tables S3). For both pesticides, the organisms tended to 328 

avoid the compartments contaminated with the highest concentrations (50, 75 and 100 µg 329 

a.i./L of fipronil) and (1000, 1500 and 2000 µg a.i./L of 2,4-D), moving towards lower 330 

concentrations and control. The avoidance percentage was more marked from 1000 µg/L, 331 

whose values varied between ca. 30 and 60%, and at 2000 µg/L, when a mean avoidance 332 

of 95% was recorded (Fig. 2B).  333 

Figure 2 334 

For tests with H. eques, when exposed to the fipronil contamination gradient, the 335 

avoidance percentage was not determined by the concentration gradient (F6, 14 = 336 

2.192, p = 0.106). Moreover, no statistically significant effects were observed for the 337 

different observation times and the interaction of the two factors (time and compartments) 338 

(time: F1.806, 25.282 = 2.285 after Greenhouse-Geisser correction, p = 0.127; time and 339 

compartment: F10.835, 25.282 = 0.551 after Greenhouse-Geisser correction, p = 0.848) (Table 340 

S4). Regarding the percentage of avoidance response, it was <12% in all the 341 

concentrations, except at 100 µg/L when it reached a maximum of 45% (mean avoidance 342 

of 33%) (Fig. 3A). 343 

However, H. eques showed avoidance patterns dependent on the concentration gradient 344 

of 2,4-D (F6, 14 = 8.176, p < 0.001), but the different time intervals observed (F1.367, 19.138 345 

= 2.030 after correction Greenhouse-Geisser, p = 0.168) and the interaction of the two 346 

fixed factors (time and compartment) (F8.202, 19.138 = 1.428 after the Greenhouse-Geisser 347 
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correction, p = 0.247) did not show any significant statistical differences (Table S5). Fish 348 

(40% of the population) tended to avoid only the compartments with the highest 349 

concentration (2000 µg a.i./L of 2,4-D) and the population was distributed along the 350 

remaining concentrations (Fig. 3B). 351 

Figure 3 352 

3.3 ACs in avoidance tests 353 

The values of AC20, AC50 and AC80 of both pesticides for both species are shown in Table 354 

1. These values were normally calculated from the mean avoidance percentage from the 355 

four observation periods; however, ACs values were calculated considering the mean 356 

avoidance percentage from the exposure times of 4 and 10 h (initial and final distribution) 357 

because, in addition to showing a real decision about avoiding, the responses observed in 358 

the intermediate times (6 and 8 h) were statistically lower and different, which show an 359 

inconsistence and highly variable response. In general, D. rerio presented the lowest 360 

values of ACs, indicating a higher capacity to detect and avoid both pesticides than H. 361 

eques.  362 

Table 1 363 

3.4 Swimming behavior of D. rerio and H. eques   364 

The average distance moved by D. rerio, compared to the control, was significantly 365 

altered (decreased) when exposed to the three tested concentrations of fipronil (One Way 366 

ANOVA; F3 = 6.833; p < 0.05; Dunnet test, p < 0.05; Fig. 4A). However, the average 367 

maximum speed was not affected in any of the treatments with the insecticide to which 368 

the D. rerio fish were exposed (Kruskal-Wallis; H3 = 5.442, p = 0.142, Fig. 4A). 369 

Regarding the exposure of D. rerio to 2,4-D, the average distance moved (One Way 370 

ANOVA; F3 = 1.398 p = 0.312; Fig. 4B) and maximum speed (One Way ANOVA; F3 = 371 

2.584, p = 0.126; Fig. 4B) were not changed in relation to the control. 372 
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Figure 4 373 

For the species H. eques, the average distance moved (One Way ANOVA; F3 = 2.482, p = 374 

0.135; Fig. 5A) and the average maximum speed (One Way ANOVA; F3 = 0.842, p = 375 

0.508; Fig 5A) were not affected when the fish were exposed to fipronil in relation to the 376 

control group. 377 

When H. eques fish were exposed to 2,4-D, a frenetic movement due to an over-378 

excitement was observed at the highest concentration, manifested by a significant 379 

increase in their maximum speed (0.40 ± 0.06 m/s) when compared to the control (0.18 ± 380 

0.04 m/s) (One Way ANOVA; F3 = 4.583; p < 0.05; Dunnet test, p < 0.05; Fig. 5B). 381 

However, no statistical differences were observed in relation to the control for the average 382 

distance moved (One Way ANOVA; F3 = 2.277, p = 0.157; Fig. 5B), probably due to the 383 

high variability among replicates, as suggested by high standard error values. 384 

Figure 5 385 

3.5 Acetylcholinesterase (AChE) activity 386 

The effect of 2,4-D and fipronil on AChE activity, after 10 h of exposure, is shown in 387 

Figure 6. Considering the comparison with the control group, the two highest 388 

concentrations of fipronil caused statistically significant inhibition of the enzyme activity 389 

in D. rerio (One Way ANOVA; F3 = 19.1; p < 0.05; Dunnet test, p < 0.05; Fig. 6A). 390 

However, exposure of D. rerio to 2,4-D did not cause changes in the enzymatic activity 391 

of AChE (One Way ANOVA; F3 = 1.508; p = 0.243; Fig. 6B). For H. eques exposed to 392 

both fipronil (One Way ANOVA; F3 = 3.058; p = 0.053) and 2,4-D (One Way ANOVA; 393 

F3 = 0.131; p = 0.941), no statistically significant differences were observed in relation to 394 

the control (see Figure S1). 395 

Figure 6 396 

4. Discussion 397 
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4.1 Avoidance response  398 

In the present study, it was observed that the fish D. rerio and H. eques are able to detect 399 

and avoid compartments contaminated with high concentrations of the herbicide 2,4-D 400 

and that D. rerio is also capable of detecting and avoiding environmentally relevant 401 

concentrations of fipronil. Therefore, comparing the avoidance responses of the two 402 

species, D. rerio was more sensitive than H. eques.  403 

Insecticide and herbicide perception can be beneficial for animals if there is a chance to 404 

escape to non-contaminated environments. However, the lack or reduced ability to 405 

perceive increasing contamination gradients, such as that observed for H. eques (which 406 

avoided only the highest concentration of the herbicide), might lead the organisms to 407 

occupy equal places with concentrations that could cause deleterious effects. This 408 

scenario was observed in tadpoles of Lithobates catesbeianus that did not avoid the 409 

lowest concentration (around 200 µg/L) of 2,4-D, and signals of stress due to toxicity 410 

were observed (Freitas et al., 2019). The difference regarding the magnitude of the 411 

avoidance observed by Freitas et al. (2019) and the current study could be attributed to 412 

the differences in the sensitivity of the organisms. Sometimes, compounds impair the 413 

ability of organisms to perceive increasing contamination gradients due to lethargic 414 

effects caused by toxicity (Gutierrez et al., 2012; Araújo et al., 2014b; Díaz-Gil et al., 415 

2017).  416 

Effects of 2,4-D on fish are found in the literature, e.g., D. rerio larvae showed a 61% 417 

reduction in survival and 24% in prey capture capacity when exposed to concentrations 418 

of 16 μg/L of the commercial formulation of herbicide (DMA4®IVM) (Dehnert et al., 419 

2019). Neskovid et al. (1994) observed that Cyprinus carpio exposed to 2,4-D (150000 420 

μg/L) for 14 days showed enzymatic dysfunctions such as the increased activity of 421 

glutamate oxaloacetate transaminase and decreased alkaline phosphatase, in addition to 422 
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causing morphological changes in the gills, liver, and kidneys. Likewise, previous studies 423 

reported the high toxicity of fipronil to fish, for example, DNA damage in erythrocytes 424 

of Rhamdia quelen (0.10 - 0.23 μg/L) (Ghisi et al., 2011), in the malformation of the 425 

zebrafish embryo (96 h after fertilization - hpf), mRNA transcription (≥ 31 μg/L) (Beggel 426 

et al., 2012) and miRNA transcription (520 μg/L) (Wang et al., 2010). Yan et al. (2016) 427 

also suggested the hepatoxicity of fipronil (400 µg/L) in Danio rerio due to variations in 428 

the saturated fatty acid content and in the primary bile acid synthesis process. Larvae of 429 

the Japanese medaka (Oryzias latipes) were exposed to fipronil (3, 10 and 30 μg/L), until 430 

28 days post-hatching and the GABA blocker resulted in the down-regulation of follicle-431 

stimulating hormone receptor (fshr) and luteinizing hormone receptor (lhr) (Sun et al., 432 

2014). Beggel et al. (2010) compares the sublethal toxicity of the fipronil, to their 433 

commercial formulation Termidor® to larval fathead minnow (Pimephales promelas), to 434 

determine effects on growth and swimming performance after short-term (24 h) exposure. 435 

Fipronil and Termidor led to a significant impairment of swimming performance at 142 436 

μg/L and 148 μg/L respectively, with more pronounced effects for the formulation. 437 

The comparison of the concentrations used in other studies in which toxicity was observed 438 

lead us to think that if D. rerio does not avoid contamination by 2,4-D, some toxic effects 439 

could be expected to occur. However, this comparison might be made with caution: for 440 

instance, avoidance by D. rerio to 2,4-D was significant from 750 µg/L, a concentration 441 

that for the same species seems to affect the capacity of larvae to capture prey (Dehnert 442 

et al., 2019). Therefore, it is plausible to hypothesize that, if the exposure to the gradient 443 

of contamination was extended for a long time, without causing physiological 444 

impairments, fish would be able to detect it and show a time-delayed avoidance: a time-445 

correlated avoidance (Araújo et al., 2018). 446 
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The capacity of D. rerio to escape from contamination to prevent toxicity has been 447 

reported in other studies: for instance, zebrafish avoided effluents of acid mine drainage 448 

(Moreira-Santos et al., 2008), the fungicide pyrimethanil (Araújo et al., 2014a) and a 449 

copper gradient (Silva et al., 2018; Islam et al., 2019). This type of response is directly 450 

dependent on the capacity of organism to detect and correctly interpret the risk that the 451 

exposure might suppose, which is dependent on bioavailability and toxicity of the 452 

compounds (Solomon et al., 2009). The detection and escape of the highest 453 

concentrations of fipronil (environmentally relevant concentrations) by the fish might be 454 

related to the molecular structure of fipronil, which consists of a carbon atom linked to 455 

three fluorine atoms (CF3) in positioning 4- (tri-fluor-methyl-sulfinyl-pyrazole). This 456 

favors the dissolution of fipronil in organic matrices (lipids, oils and organic solvents) 457 

and bioconcentration in the adipose tissue (Sun et al., 2016), causing quick adverse effects 458 

at low concentrations. In fact, this rapid bioaccumulative potential of fipronil and its 459 

metabolites in several aquatic animals, including fish of the species Pampus 460 

argenteus, Pseudosciaena crocea, and Larimichthys polyactis, have already been attested 461 

(Zhang et al., 2018). 462 

 463 

4.2 Swimming behavior and neurotoxicity  464 

The analysis of swimming has been considered a sensitive endpoint to detect the sublethal 465 

effects of pollutants in fish (Kane et al., 2004; Eissa et al., 2010). Thus, it is known that 466 

pesticides can cause abnormal swimming behavior or impaired swimming ability in fish 467 

and other aquatic organisms (Altenhofen et al., 2017; Freitas et al., 2019). In the present 468 

study, D. rerio exposed to fipronil (50, 75 and 100 µg a.i./L) did not show changes in 469 

swimming activity concerning the average maximum speed; however, the distance moved 470 

was lower in all exposure concentrations. This response might be possibly associated with 471 
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the neurotoxic effect of fipronil, in which changes (inhibition) in AChE activity were 472 

observed for the two highest concentrations (75 and 100 µg a.i./L). 473 

Changes in swimming behavior in adults of D. rerio exposed to fipronil single and in a 474 

mixture with glyphosate in concentrations of 9 and 18 µg/L were observed by Chaulet et 475 

al. (2019). Behavioral changes in D. rerio embryos were also observed when exposed to 476 

insecticide fipronil (Stehr et al., 2006 and Yan et al., 2016). In accordance with Stehr et 477 

al. (2006), 333 µg/L fipronil causes abnormalities in the morphology of the muscle fibers 478 

of the larvae (2-48 hpf), resulting in bilateral contractions of the axial muscles and leading 479 

to irreversible degeneration of the notochords. Moreover, according to Yan et al. (2016), 480 

the spinal deformities observed in D. rerio exposed to 400 µg/L of fipronil may be related 481 

to the interruption of the aminoacyl-RNA transporter biosynthesis in the embryos, which 482 

may be related to malformations. Reactions of behavioral changes in swimming have also 483 

been reported in other teleosts such as carp (Qureshi et al., 2016) and Nile tilapia (El-484 

Muhr et al., 2015) exposed to fipronil. According to Huang et al. (2019), these changes 485 

occur when fipronil binds to the GABA receptor chlorine channels, preventing its closure, 486 

leading to neuronal over-stimulation and triggering hyperactivity, spasms, convulsions 487 

and, in more severe cases, death. Besides, Wang et al. (2016) pointed out that fipronil can 488 

act through disturbances in several metabolic pathways. Fipronil can also be a potential 489 

neurotransmission disruptor, such as glycine (Grillner, 2003), which is an inhibitory 490 

neurotransmitter in the central region of the nervous system, mainly in the spinal cord 491 

(López-Corcuera et al., 2009). 492 

Only fish of the species H. eques submitted to a higher concentration (2000 µg/L) of the 493 

herbicide 2,4-D showed changes in swimming activity, in which the average maximum 494 

speed was altered (increased), but with no change in the average distance moved. This 495 

response indicates that fish had an erratic and frenetic movement due to an over-496 
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excitement of the higher concentration (2000 µg/L). Unlike what was observed in the 497 

present study, Gaaied et al. (2019) reported (i) inhibition (decrease) of the swimming 498 

distance in D. rerio embryos (at 120 hpf) in low doses (20 µg/L) of that same herbicide 499 

and (ii) effects on the cholinesterase activity (at 96 hpf), demonstrating that 2,4-D can 500 

alter the cholinergic system by affecting ChE activity that may be involved in the 501 

locomotion decrease of exposed larvae. In the present study, no changes were observed 502 

in the enzymatic activity of AChE in any 2,4-D concentration, probably due to the short 503 

exposure period (10 h) and the experiments being carried out with adult fish, that are less 504 

sensitive than embryos for this parameter (Sanches et al, 2018 and references therein).  505 

In summary, avoidance can be recorded even if no evident toxicity signal is detected, 506 

therefore it might be used as a warning response able to detect the minimal evidence of 507 

risk (toxicity). Thus, avoidance has been considered an environmentally realistic endpoint 508 

as it prevents animals from being continuously exposed and suffering the toxic 509 

consequences (Oliveira et al., 2013). The present study makes the importance clear of 510 

integrating both exposure approaches (forced and non-forced) to obtain a more complete 511 

view on the possible risks that contaminants can cause to aquatic ecosystems. In addition, 512 

our results are a matter of concern for biota conservation, as low concentrations of 513 

pesticides may lead to the displacement of fish to more favorable areas when available, 514 

but in a scenario where agricultural practices and production will increase in the coming 515 

years, the existence of available decontaminated areas, suitable to accommodate aquatic 516 

life, is uncertain.    517 

 518 

5. Conclusions 519 

Both species, H. eques and D. rerio, were able to detect 2,4-D and move to less 520 

contaminated compartments. However, only D. rerio avoided environmentally relevant 521 
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concentrations of fipronil. Fipronil, in environmentally relevant concentrations, affected 522 

swimming (distance moved) only in D. rerio, and 2,4-D affected only swimming 523 

(maximum speed) by H. eques. The enzymatic activity of AChE was altered (inhibited) 524 

only when D. rerio was exposed to fipronil, with no changes observed when fish are 525 

exposed to 2,4-D. From the avoidance responses to pesticides observed and the sublethal 526 

effects described, it can be concluded that avoidance tends to occur in a short time, 527 

showing that this endpoint is a sensitive tool to detect sublethal effects of pollutants in 528 

fish. Avoidance response seemed not to have been affected by possible effects of 529 

contaminants on swimming behavior and Ache activity. 530 

 531 

Acknowledgments 532 

We would like to thank the São Paulo Research Foundation “Fundação de Amparo à 533 

Pesquisa do Estado de São Paulo” (FAPESP) for the post doctorate grant to the first author 534 

(Process number: 2017/24126-4). Financial support was also provided by FAPESP 535 

(2015/18790-3). CVM Araújo is grateful to the Spanish Ministry of Science and 536 

Innovation for the Ramón y Cajal contract (RYC-2017-22324). 537 

 538 

Conflict of Interest The authors declare that they have no conflict of interest. 539 

 540 

6. References 541 

 542 

ABNT - Associação Brasileira De Normas Técnicas. ABNT., 2016. NBR 15088: 543 

Ecotoxicologia aquática: Toxicidade aguda - Método de ensaio com peixes 544 

(Cyprinidae). Rio de Janeiro. 545 

Albuquerque, F., Ribeiro, J.S., Kummrow, F., Nogueira, A.J.A., Montagner, C.C., 546 

Umbuzeiro, G.A., 2016. Pesticides in Brazilian freshwaters: A critical review. 547 

Environ. Sci.: Proc. Imp. 18: 779-787. 548 

Altenhofen, S., Wiprich, M.T., Nery, L.R., Leite, C.E., Vianna, M.R., Bonan, C.D., 2017. 549 

Manganese (II) chloride alters behavioral and neurochemical parameters in larvae 550 

and adult zebrafish. Aquat. Toxicol. 182: 172-183. 551 



 23 

Amiard-Triquet, C., 2009. Behavioural disturbences: the missing link between 552 

suborganismal and supra-organismal responses to stress? Prospects Based on aquatic 553 

research. Hum. Ecol. Risk Assess. 15, 87-110. 554 

Araújo, C.V.M., Shinn, C., Mendes, L.B., Delello-Schneider, D., Sanchez, A.L., 555 

Espíndola, E.L.G., 2014a. Avoidance response of Danio rerio to a fungicide in a 556 

linear contamination gradient. Sci. Total Environ. 484: 36-42.  557 

Araújo, C.V.M., Shinn, C., Moreira-Santos M., Lopes, I., Espíndola, E.L.G., Ribeiro, R. 558 

2014b. Cooper-driven avoidance and mortality in temperate and tropical tadpoles. 559 

Aquat. Toxicol. 146: 70-75. 560 

Araújo, C.V.M., Moreira-Santos, M., Ribeiro, R., 2016. Active and passive spatial 561 

avoidance by aquatic organisms from environmental stressors: a complementary 562 

perspective and a critical review. Environ. Int. 92-93: 405-415.  563 

Araújo, C.V.M., Moreira-Santos, M., Ribeiro, R., 2018. Stressor-driven emigration and 564 

recolonisation patterns in disturbed habitats. Sci. Total Environ. 643:884-889. 565 

Arcaute, R., Soloneski, S., Larramendy, M., 2016. Toxic and genotoxic effects of the 2,4 566 

dichlorophenoxyaceticacid (2,4-D)-based herbicide on the Neotropical fish 567 

Cnesterodon decemmaculatus. Ecotoxicol. Environ. Saf. 128: 222-229. 568 

Beggel, S., Werner, I., Connon, R.E., Geist, J.P., 2010. Sublethal toxicity of commercial 569 

insecticide formulations and their active ingredients to larval fathead minnow 570 

(Pimephales promelas). Sci. Total Environ. 408: 3169-3175. 571 

Beggel, S., Werner, I., Connon, R.E., Geist, J.P., 2012. Impacts of the phenylpyrazole 572 

insecticide fipronil on larval fish: time-series gene transcription responses in fathead 573 

minnow (Pimephales promelas) following short-term exposure. Sci. Total Environ. 574 

426: 160-165.  575 

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram 576 

quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 577 

72: 248-254. 578 

CETESB - Companhia Ambiental do Estado de São Paulo., 2018. Qualidade das águas 579 

interiores no estado de São Paulo 2017, Relatórios. Série Relatórios / CETESB, São 580 

Paulo. Freely available via: (https://cetesb.sp.gov.br/aguas-interiores/wp-581 

content/uploads/sites/12/2018/06/Relatório-de-Qualidade-das-Águas-Interiores-no-582 

Estado-de-São-Paulo-2017.pdf). (Accessed 10 January 2020).  583 

Chaulet, F.C., Barcellos, H.H. de A., Fior, D., Pompermaier, A., Koski, G.K., Rosa, 584 

J.G.S., Fagundes, M., Barcellos, L.J.G., 2019. Glyphosate‑  and Fipronil‑ Based 585 

Agrochemicals and Their Mixtures Change Zebrafish Behavior. Arch. Environ. 586 

Contam. Toxicol. 77: 443-451. 587 

da Fonseca, M.B., Glusczak, L., Silveira Moraes, B., de Menezes, C.C., Pretto, A., Tierno, 588 

M.A., Zanella, R., Gonçalves, F.F., Lúcia Loro, V., 2008. The 2,4-D herbicide effects 589 

on acetylcholinesterase activity and metabolic parameters of piava freshwater fish 590 

(Leporinus obtusidens). Ecotoxicol. Environ. Saf. 69: 416e420. 591 

Dehnert, G.K., Karasov, W.H., Wolman, M.A., 2019. 2,4-Dichlorophenoxyacetic acid 592 

containing herbicide impairs essential visually guided behaviors of larval fish. Aquat. 593 

Toxicol. 209: 1-12. 594 

Díaz-Gil, C., Cotgrove, L., Smee, S.L., Simón-Otegui, D., Hinz, H., Grau, A., Palmer, 595 

M., Catalán, I.A., 2017. Anthropogenic chemical cues can alter the swimming 596 

behaviour of juvenile stages of a temperate fish. Mar. Environ. Res. 125: 34-41. 597 

Eissa, B.L., Ossana, N.A., Ferrari, L., Salibian, A., 2010. Quantitative behavioral 598 

parameters as toxicity biomarkers: fish responses to waterborne cadmium. Arch. 599 

Environ. Contam. Toxicol. 58: 1032-1039. 600 



 24 

Ellman, G.L., Courtney, K.D., Andreas, V. Jr, Featherstone, R.M., 1961. A new and rapid 601 

colorimetric determination of acetyl cholinesterase activity. Biochem. Pharm. 7: 88-602 

95. 603 

El-Muhr, A.E., Imam, T.S., Y, H., Ghonimi, W.A., 2015. Histopathological, 604 

Immunological, Hematological and Biochemical Effects of Fipronil on Nile Tilapia 605 

(Oreochromis niloticus). RRJoVST p.p. 252. 606 

Fang, W., Peng, Y., Muir, D., Lind, J., Zhang, X. 2019. A critical review of synthetic 607 

chemicals in surface waters of the US, the EU and China. Environ. Intern. 131: 608 

104994. 609 

Figueiredo, J., Rodrigues, J., 2014. Effects of four types of pesticides on survival, time 610 

and size to metamorphosis of two species of tadpoles (Rhinella marina and 611 

Physalaemus centralis) from the southern Amazon. Brazil. Herpetol. J. 24: 7-15. 612 

Freitas, J.S., Girotto, L., Goulart, B.V., Alho, L. de O.G., Gebara, R.C., Montagner, C.C., 613 

Schiesari, L., Espíndola, E.L.G., 2019. Effects of 2,4-D-based herbicide (DMA® 806) 614 

on sensitivity, respiration rates, energy reserves and behavior of tadpoles. Ecotoxicol. 615 

Environ. Saf. 182: 109446. 616 

Fujimoto, R.Y., Almeida, E.S., Diniz, D.G., Eiras, J.C., Martins, M.L., 2013. First 617 

occurrence of Quadrigyrus nickoli (Acanthocephala) in the ornamental fish 618 

Hyphessobrycon eques. Rev. Bras. Parasitol. Vet. 22: 110-113. 619 

Gaaied, S., Oliveira, M., Domingues, I., Banni, M., 2019. 2,4-Dichlorophenoxyacetic 620 

acid herbicide effects on zebrafish larvae: development, neurotransmission and 621 

behavior as sensitive endpoints. Environ. Sci. Pollut. Res. 27: 3686-3696. 622 

Ghisi, N.C., Ramsdorf, W.A.,   Ferraro, M.V.M., Almeida, M.I.M., Ribeiro, C.A.O., 623 

Cestari, M.M., 2011. Evaluation of genotoxicity in Rhamdia quelen (Pisces, 624 

Siluriformes) after sub-chronic contamination with Fipronil. Environ. Monit. Assess. 625 

180: 589-599. 626 

Gimeno, E., Quera, V., Beltran, F.S., Dolado, R., 2016. Differences in shoaling behavior 627 

in two species of freshwater fish (Danio rerio and Hyphessobrycon herbertaxelrodi). 628 

J. Comp. Psychol. 130: 358-368. 629 

Grillner, S., 2003. The motor infrastructure: from ion channels to neurnal networks. Nat. 630 

Rewies Neurosci. 4: 573-586. 631 

Gripp, H.S., Freitas, J.S., Almeida, E.A., Bisinotia, M.C., Moreira, A.B., 2017.  632 

Biochemical effects of fipronil and its metabolites on lipid peroxidation and 633 

enzymatic antioxidant defense in tadpoles (Eupemphix nattereri: Leiuperidae). 634 

Ecotoxicol.  Environ. Saf. 136: 173-179. 635 

Gunasekara, A., Troung, T., 2007. Environmental Fate of Fipronil. Report. 636 

Environmental Monitoring Branch, Department of Pesticide Regulation, California 637 

Environmental Protection Agency, Sacramento, CA. 638 

Gutierrez, M.F., Paggi, J.C., Gagneten, A.M., 2012. Microcrustaceans escape behavior as 639 

an early bioindicator of copper, chromium and endosulfan toxicity. Ecotoxicol. 21: 640 

428-438. 641 

Huang, Q.T., Sheng, C.W., Jiang, J., Tang, T., Jia, Z.Q., Han, Z.J., Zhao, C.Q., 2019. 642 

Interaction of insecticides with heteromeric GABA-gated chloride channels from 643 

zebrafish Danio rerio (Hamilton). J. Hazard. Mater. 366: 643-650. 644 

Islama, F., Wanga, J., Farooq, M.A., Khan, M.S.S., Xu, L., 2018. Potential impact of the 645 

herbicide 2,4-dichlorophenoxyacetic acid on human and ecosystems. Environ. Int. 646 

111: 332-351. 647 

Islam, M.A., Blasco, J., Araújo, C.V.M., 2019. Spatial avoidance, inhibition of 648 

recolonization and population isolation in zebrafish (Danio rerio) caused by copper 649 

exposure under a non-forced approach. Sci. Total Environ. 25: 504-511. 650 



 25 

Kane, A.S., Salierno, J.D., Gipson, G.T., Molteno, T.C., Hunter, C., 2004. A video-based 651 

movement analysis system to quantify behavioral stress responses of fish. Water Res. 652 

38: 3993-4001. 653 

Khayrullin, A., Smith, L., Mistry, D., Dukes, A., Pan, Y.A., Hamrick, M.W., 2016. 654 

Chronic alcohol exposure induces muscle atrophy (myopathy) in zebrafish and alters 655 

the expression of microRNAs targeting the Notch pathway in skeletal muscle. 656 

Biochem. Bioph. Res. Co. 479 (3): 590-595. 657 

Ki, Y.W., Lee, J.E., Park, J.H., Shin, I.C., Koh, H.C., 2012. Reactive oxygen species and 658 

mitogen-activated protein kinase induce apoptotic death of SH-SY5Y cells in 659 

response to fipronil. Toxicol. Lett. 211: 18-28. 660 

Kinovea., 2020. Software v.0.8.26. Freely accessible via <https://www.kinovea.org/>. 661 

(Accessed in 16 January 2019). 662 

Li, K., Wu, J., Jiang, L., Shen, L., Li, J., He, Z., Wei, P., Lv, Z., He, M., 2017. 663 

Developmental toxicity of 2,4-dichlorophenoxyacetic acid in zebrafish embryos. 664 

Chemosphere 171: 40-48. 665 

López-Corcuera, B., Geerlings, A., Aragón, C., 2009. Glycine neurotransmitter 666 

transporters: an update glycine neurotransmitter transporter: an update. Mol. Membr. 667 

Biol. 7688: 13-20. 668 

Mansano, A.S., Souza, J.P., Cancino-Bernardi, J., Venturini, F.P., Marangoni, V.S., 669 

Zucolotto, V., 2018. Toxicity of copper oxide nanoparticles to Neotropical species 670 

Ceriodaphnia silvestrii and Hyphessobrycon eques. Environ. Pollut. 243: 723-733.  671 

Margarido, T.C., Felício, A.A., de Cerqueira Rossa-Feres, D., de Almeida, E.A., 2013. 672 

Biochemical biomarkers in Scinax fuscovarius tadpoles exposed to a commercial 673 

formulation of the pesticide fipronil. Mar. Environ. Res. 91: 61-67. 674 

Martinelli, L.A., Filoso, S., 2008. Expansion of sugarcane ethanol production in Brazil: 675 

environmental and social challenges. Ecol. Appl. 18: 885-898. 676 

Menezes, C., Leitemperger, J., Murussi, C. Viera, M.S., Adaime, M.B., Zanella, R., Loro, 677 

V.L. 2016. Effect of diphenyl diselenide diet supplementation on oxidative stress 678 

biomarkers in two species of freshwater fish exposed to the insecticide fipronil. Fish 679 

Physiol. Biochem. 42: 1357-1368.  680 

Möhler, H., Fritschy, J.M., Crestani, F., Hensch, T., Rudolph, U., 2004. Specific 681 

GABA(A) circuits in brain development and therapy. Biochem. Pharmacol. 68: 682 

1685-1690. 683 

Moreira-Santos, M., Donato, C., Lopes, I., Ribeiro, R., 2008. Avoidance tests with small 684 

fish: determination of the median avoidance concentration and of the lowest-685 

observed effect gradient. Environ. Toxicol. Chem. 27: 1576-1582. 686 

Moreira-Santos, M., Ribeiro, R., Araújo, C.V.M., 2019. What if aquatic animals move 687 

away from pesticide-contaminated habitats before suffering adverse physiological 688 

effects? A critical review. Environ. Sci. Technol. 49: 989-1025. 689 

Neskovid, N., Karan, V., Elezovic, I., Poleksic, V., Budimir, M., 1994. Toxic effects of 690 

2,4-D herbicide on fish. J. Environ. Sci. Heal. B, 29: 265-279. 691 

Oliveira, C., Almeida, J.R., Guilhermino, L., Soares, A.M.V.M., Gravato, C., 2013. 692 

Swimming velocity, avoidance behavior and biomarkers in Palaemon serratus 693 

exposed to fenitrothion. Chemosphere 90: 936-944. 694 

Qureshi, I.Z; Bibi, A.; Shahid, S.; Ghazanfar, M., 2016. Exposure to sub-acute doses of 695 

fipronil and buprofezin in combination or alone induces biochemical, hematological, 696 

histopathological and genotoxic damage in common carp (Cyprinus carpio L.). 697 

Aquat. Toxicol. 79: 103-114. 698 

Sanches, A.L.M., Daam, M.A., Freitas, E.C., Godoy, A.A., Meireles, G., Almeida, A.R., 699 

Domingues, I., Espíndola, E.L.G., 2018. Lethal and sublethal toxicity of abamectin 700 



 26 

and difenoconazole (individually and in mixture) to early life stages of zebrafish. 701 

Chemosphere 210: 531-538. 702 

Sakuma M., 1998. Probit analysis of preference data. Appl. Entomol. Zool. 3:339-347. 703 

Shukla, R., Bhat, A., 2017. Morphological divergences and ecological correlates among 704 

wild populations of zebrafish (Danio rerio). Environ. Biol. Fish 100: 251-264. 705 

Silva, D.C.V.R., Araújo, C.V.M., Marassi, R.J., Cardoso-Silva, S., Neto, M.B., Silva, 706 

C.G., Ribeiro, R., Silva, F.T., Paiva, T.C.B., Pompêo, M.L.M., 2018. Influence of 707 

interspecific interactions on avoidance response to contamination. Sci. Total 708 

Environ. 642: 824-831. 709 

Solomon, K.R., Dohmen, P., Fairbrother, A., Marchand, M., McCarty, L., 2009. Use of 710 

(eco)toxicity data as screening criteria for the identification and classification of 711 

PBT/POP compounds. Int. Environ. Assess. Manage 5: 680-696. 712 

Spence, R., Gerlach, G., Lawrence, C., Smith, C., 2008. The behaviour and ecology of 713 

the zebrafish, Danio rerio. Biol. Rev. 83: 13-34. 714 

Stehr, C.M., Linbo, T.L., Incardona, J., Scholz, N.L., 2006. The developmental 715 

neurotoxicity of fipronil notochord degeneration and locomotor defects in zebrafish 716 

embryos and larvae. Toxicol. Sci. 92: 270-278.  717 

Sun, L., Jin, R., Peng, Z., Zhou, Q., Qian, H., Fu, Z., 2014. Effects of trilostane and 718 

fipronil on the reproductive axis in an early life stage of the Japanese medaka 719 

(Oryzias latipes). Ecotoxicol. 23:1044-1054. 720 

Sun, Q., Qi, W., Yang, J.J., Yoon, K.S., Clark, J.M., Park, Y., 2016. Fipronil promotes 721 

adipogenesis via AMPKα-mediated pathway in 3T3-L1 adipocytes. Food Chem. 722 

Toxicol. 92: 217-223.  723 

Systat., 2008. Systat software, Incorporation SigmaPlot for Windows version 11.0. 724 

Walters, J., 2011. Environmental Fate of 2,4-Dichlorophenoxyacetic Acid. 725 

Environmental Monitoring and Pest Management, Department of Pesticide 726 

Regulation, Sacramento, CA, USA. 727 

 http://www.cdpr.ca.gov/docs/emon/pubs/fatememo/24-d.pdf. 728 

Wang, X., Zhou, S., Ding, X., Zhu, G., GUO, J., 2010. Effect of triazophos, fipronil and 729 

their mixture on miRNA expression in adult zebrafish. J. Environ. Sci. Heal. B 45: 730 

648-657. 731 

Wang, C., Qian, Y., Zhang, X., Chen, F., Zhang, Q., LI, Z., Zhao, M., 2016. A 732 

metabolomic study of fipronil for the anxiety-like behavior in zebrafish larvae at 733 

environmentally relevant levels. Environ. Pollut.  211: 252-258. 734 

Yan, L., Gong, C., Zhang, X., Zhang, Q., Zhao, M., Wang, C., 2016. Perturbation of 735 

metabonome of embryo/larvae zebrafish after exposure to fipronil. Environ. Toxicol. 736 

Pharmacol. 48: 39-45. 737 

Zhang, Y., Zhao, Y.G., Cheng, H.L., Muhammad, N., Chen, W.S., Zeng, X.Q., Zhu, Y., 738 

2018. Fast determination of fipronil and its metabolites in seafood using PRiME 739 

pass-through cleanup followed by isotope dilution UHPLC-MS/MS. Anal. Methods 740 

10: 1673-1679. 741 

Zuanazzi, N.R., Ghisi, N.C., Oliveira, E.C., 2020. Analysis of global trends and gaps for 742 

studies about 2,4-D herbicide toxicity: A scientometric review. Chemosphere 241: 743 

125016. 744 

 745 

 746 

 747 

 748 



 27 

Figure Captions 749 

 750 

Figure 1: Schematic diagram of the unconfined multi-compartment experimental system. 751 

The second panel is an overhead view. 752 

 753 

Figure 2: Avoidance (%) of Danio rerio with 21 fish (with mean values + SE of three 754 

repetitions for the four observation times) at a concentration gradient of Regent® (a.i. 755 

fipronil) (A) and DMA® 806 BR (a.i. 2,4-D) (B). Different letters above the lines indicate 756 

significant statistical differences, considering the means of the four observation times (p 757 

< 0.05). 758 

 759 

Figure 3: Avoidance (%) of Hyphessobrycon eques with 21 fish (with mean values + SE 760 

of three repetitions for the four observation times) at a concentration gradient of Regent® 761 

(a.i. fipronil) (A) and DMA® 806 BR (a.i. 2,4-D) (B). Different letters above the lines 762 

indicate significant statistical differences, considering the means of the four observation 763 

times (p < 0.05). 764 

 765 

Figure 4: Swimming behavior of Danio rerio exposed to Regent® (a.i. fipronil) (A) and 766 

DMA® 806 BR (a.i. 2,4-D) (B) indicating maximum speed (m/s, light gray) and distance 767 

moved (cm, dark gray). Bars represent the mean + SE of three repetitions for each 768 

treatment. The asterisk indicates a significant difference between the tested concentration 769 

and control (p < 0.05). 770 

 771 

Figure 5: Swimming behavior of Hyphessobrycon eques exposed to Regent® (a.i. 772 

fipronil) (A) and DMA® 806 BR (a.i. 2,4-D) (B) indicating maximum speed (m/s, light 773 
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gray) and distance moved (cm, dark gray). Bars represent the mean + SE of three 774 

repetitions for each treatment. The asterisk indicates a significant difference between the 775 

tested concentration and control (p < 0.05). 776 

 777 

Figure 6: AChE activity (nmol/min/mg protein) of Danio rerio after 10 h of exposure to 778 

Regent® (a.i. fipronil). AChE activity is expressed as mean ± SE (n = 6). The asterisk 779 

indicates a significant difference between the control and the tested concentrations (p < 780 

0.05). 781 
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Table 1. Values of the concentrations (in µg/L) and respective confidence intervals 

triggering avoidance response to 20, 50 and 80 (AC20, AC50 and AC80, respectively) of 

the fish populations (Danio rerio and Hyphessobrycon eques) exposed to gradients of 

fipronil and 2,4-D. 

 

Pesticide Species AC20 AC50 AC80 

Fipronil D. rerio 36 (nc) 56 (nc) 88 (nc) 

H. eques 71 (44-178) >100 (nc) >100 (nc) 

2,4-D D. rerio 1128 (657-1390) 1537 (1181-1857) 2093 (1744-3016) 

H. eques 1991 (1004-4497) >1500 (nc) >1500 (nc) 

nc: not calculated. Values >100 or >1500 indicate that the AC values were higher than 

the highest tested concentration. 
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