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In aquatic ecosystems, pesticide residues meanly present as mixtures of varying complexity, which may lead to compound pollution of organisms. Therefore, it is of great practical importance to evaluate the combined toxic effects of pesticides. In this study, the mixture acute toxicities of fenvalerate with tebuconazole on zebrafish larvae and adults were investigated. The effects of mixture toxicity on swimming behavior of larvae were also analyzed. The mixture acute toxicity of the systems showed antagonistic effects on adult zebrafish when the mixing ratios of fenvalerate and tebuconazole were equal, but the other two ratios of the mixes both showed synergistic effects. The strongest synergistic effect was observed when fenvalerate was mixed with tebuconazole in the ratio of 8:2. The swimming behavior of zebrafish larvae was significantly inhibited after exposure to single or mixed systems for 2 days. However, significant up-regulation of behavioral indicators in zebrafish larvae was observed at the beginning of exposure in the mixture exposure groups. The results showed that fenvalerate and tebuconazole had the risk of synergistic toxic effect on zebrafish. It is recommended that the simultaneous use of both pesticides in agricultural activities near water bodies should be scientifically controlled to avoid adverse effects on aquatic organisms.
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1 INTRODUCTION
In modern agricultural production, pesticides are inevitably used to prevent, control, and mitigate the invasion of diseases, weeds, and pests. The use of pesticides has largely improved the yield and quality of crops to meet the needs of a growing world population (Arias-Estevez et al., 2008). After the application of pesticides, they enter the aquatic ecosystem through various pathways and present a mixture of different substances. As a result, organisms are exposed to this system and suffer from mixed toxicity effects (Zhang J. et al., 2017). Mixture effects are generally classified into three types: 1) independent effects, which refer to the sum of the individual effects of each compound acting alone, without affecting each other; 2) additive effects, which refer to the accumulation of toxic effects of all toxic substances; 3) interactions, which also include synergistic and antagonistic effects, respectively, which refer to the mixture toxic effects of the system with an intensity much greater and less than the sum of their individual effects. The combined toxicity of pesticide mixtures has received increasing attention for the past several decades. However, the studies are more focused on insecticide-to-insecticide or fungicide-to-fungicide, with relatively few studies on mixture toxicity of insecticides and fungicides reported (Maloney et al., 2018; Pham et al., 2018; Wang et al., 2018).
Pyrethroids are a class of synthetic broad-spectrum insecticides with high activity and better insecticidal efficacy than organochlorines, organophosphates, and carbamates (Yoo et al., 2016). They are also highly selective and less toxic to non-target organisms such as birds, earthworms, and mammals, and have been widely used in modern agriculture and outdoor/indoor pest control (Vijverberg and Vandenbercken, 1990; Yang et al., 2016). It once occupied more than 30% of the world market and has become one of the top three pesticides in the world (Barr et al., 2010; Xiao et al., 2012). Fenvalerate is a second generation pyrethroid insecticide with neurotoxicity associated with the opening and closing of Na+ channels (Tripathi and Verma, 2006). It is mainly used to control pests on cotton, vegetables and fruit trees. As systemic highly effective fungicides, triazoles are characterized by high systemic absorption, long residual period and broad spectrum. Among them, tebuconazole is widely used worldwide as a seed treatment and foliar spray with three major roles: protection, treatment, and eradication (Hua, 2013).
Fenvalerate and tebuconazole have been detected in the water environment in the ng/L to low µg/L range. The residue level of tebuconazole has been detected at 0.010–0.115 μg/L in US Streams (Battaglin et al., 2010; Bradley et al., 2017), and approximately 0.001–1.071 μg/L in surfacewater in São Paulo State (Montagner et al., 2018). Fenvalerate concentrations were significantly higher in industrial wastewater (0.034–0.349 μg/L) compared with surfacewater (0.017–0.021 μg/L) (Ge et al., 2010). Notably, there is considerable overlap in the occurrence and distribution of fenvalerate and tebuconazole in the applicable crops. They have been detected simultaneously in the same water environment (fenvalerate 0.033 μg/L, tebuconazole 0.021 μg/L) (Allinson et al., 2015), drawing considerable attention to their possible impact on aquatic organisms. Some studies have indicated the potential mechanisms of fenvalerate and tebuconazole to aquatic organisms. Zhang et al. reported that fenvalerate may cause developmental toxicity to zebrafish larvae by disrupting endocrine signaling at environmentally relevant concentrations (Zhang Q. et al., 2017). After exposure to a sublethal dose of fenvalerate at 50 μg/L, notable signs of apoptosis were found in the brain of zebrafish larvae, with the oxidative-DNA repair system, as well as neurogenesis impaired (Gu et al., 2010). Moreover, zebrafish exposed to 100 μg/L fenvalerate for 120 h exhibited decreased swimming activity accompanied by significantly elevated oxidative stress (Han et al., 2017). Tebuconazole (1, 2, and 4 mg/L) were reported to disrupt thyroid endocrine system and alter gene transcription in the hypothalamic-pituitary-thyroid axis in zebrafish larvae (Yu et al., 2013). In addition, a previous study found that tebuconazole (4 mg/L) could modulate the cholinergic system by altering AChE activity and thus reduce the locomotion of zebrafish larvae (Altenhofen et al., 2017). Therefore, it is necessary to study the combined toxic effects of fenvalerate and tebuconazole on aquatic organisms.
Fish are one of the most important aquatic vertebrates and play a crucial role in aquatic food webs through top-down and bottom-up regulation of nutrient and energy flows. They are susceptible to intoxication by pollutions in the aquatic environment, such as pesticides, heavy metals, and antibiotics, which can be rapidly absorbed through the skin and gills (Rubinstein, 2006). Therefore, fish are an indispensable component for testing the combined toxicity of the aquatic environment and are often used as biological indicators for assessing water pollution (Lammer et al., 2009; Lana et al., 2010). Behavior assay is considered a valuable method in ecological and toxicological studies. The behavioral indicators can reflect anxiety, alarm response, stress, and neurotoxic effects on aquatic organisms, creating important connections between biochemical and ecological processes (Barcellos et al., 2007; Egan et al., 2009; Shuman-Goodier and Propper, 2016). Therefore, behavior assay is of increasing interest to evaluate the effects of pesticides on aquatic organisms (Zala and Penn, 2004; Bossus et al., 2014; Kohler et al., 2018). For example, several studies have examined behavior in zebrafish, and the behavioral endpoints (travel time, move distance, speed, etc) under pesticide exposure (Seguret et al., 2016; Altenhofen et al., 2017; van den Bos et al., 2017). In this study, the individual and mixture toxicity effects of fenvalerate and tebuconazole on zebrafish were investigated in terms of acute toxicity and behavioral changes using zebrafish larvae and adults as test subjects. The purpose is to assess the potential risk of its mixture on the aquatic environment.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Fenvalerate (CAS-No.51630–58-1; purity ≥ 93%, the remaining 7% constituents are optical isomers as follows: (R)-α-cyano-3-phenoxybenzyl-(S)-2-(4-chlorophenyl)-3-methylbutyrate (5%), (R)-α-cyano-3-phenoxybenzyl-(R)-2-(4-chlorophenyl)-3-methylbutyrate (1%), (S)-α-cyano-3-phenoxybenzyl-(R)-2-(4-chlorophenyl)-3-methylbutyrate (1%)) and tebuconazole (CAS-No.107534–96-3; purity ≥ 95%, the remaining 5% constituent is 3-((4H-1,2,4-triazol-4-yl)methyl)-1-(4-chlorophenyl)-4,4-dimethylpentan-3-ol)) provided by the College of Science, China Agricultural University were selected as test reagents. The toxicity of all constituents were predicted by the Toxicity Estimation Software Tool Version 5.1 provided by Environmental Protection Agency and the results showed that their acute toxicity values to fish were the same or lower than the main components. Stock solutions of 10,000 mg/L fenvalerate and tebuconazole were prepared in acetone (analytical grade) containing 5% Tween-80 for further dilution.
2.2 Experimental animals
The parental and adult zebrafish of wild-type AB-strain were obtained from Gao Feng Aquarium (Beijing, China). Parental zebrafish for egg production were cultured in a flow-through feeding equipment (Esen Corp., China), and adult zebrafish were first domesticated in reconstituted water (containing 0.33 mM CaCl2, 0.33 mM MgSO4, 5 mM NaCl, and 0.17 mM KCl) (Standardization, 1996) for more than 14 days before the test. Fish were fed twice a day with commercial fish food (Tetramin) at a level of approximately 1% of their body weight per day (Sancho et al., 2010) and 1/3 volume of the water was replaced every 24 h. Feeding water conditions were as follows: aeration and dechlorination treatment, pH (7.5 ± 0.5), water hardness (calculated as CaCO3) of 250 ± 25 mg/L, dissolved oxygen in the water at more than 80% of the air saturation value, water temperature (26.0 ± 1.0°C), and 14 h light/10 h dark photoperiod. The experiment was approved by the guidelines of the Institutional Animal Care and Use Committee (IACUC) of China Agricultural University.
2.3 Acute toxicity of individual and mixture pesticides to zebrafish adults
The tests were designed according to international standards for acute toxicity tests in fish and OECD-203 (Standards Press of China, 2012; OECD, 2019). Test fish were healthy adult zebrafish (3.0–4.0 cm) of different sex and have normal appearance. The reported environmentally relevant concentration of fenvalerate and tebuconazole are comparable (Allinson et al., 2015), while actual residues may vary, so we measured different ratios (Fenvalerate:Tebuconazole = 8:2, 5:5, and 2:8) to investigate the combined effect. Exposure tests were performed in 5 L beakers. Each beaker contained 4 L of pesticide solution (Table 1). Reconstituted water was used to prepare all diluted exposure solutions, which also served as blank control. Solvent control was arranged containing 0.06% acetone and 0.0003‰ Tween 80 as that in the test solutions with the highest concentrations of tebuconazole. Exposure concentrations were chosen based on OECD-203 (OECD, 2019) and preliminary experiments. There were three replicates of each treatment and 10 adult fish in each replicate. All test solutions were changed every 24 h. Mortality was recorded at 96 h. When no obvious movement was observed by lightly touching the fish tail with a glass rod, the fish were judged to be killed and the dead fish were removed promptly.
TABLE 1 | Solution concentration for acute toxicity test in zebrafish adults.
[image: Table 1]2.4 Acute toxicity of individual and mixture pesticides to zebrafish larvae
Embryos were obtained from the healthy parental zebrafish with a ratio of 1:2 (female to male) in the spawning box (Esen Corp., China). Spawning was induced in the morning when the light was turned on, and eggs were collected 30 min later and rinsed with reconstituted water. Fertilized and normally developed eggs were selected at approximately 2 h post-fertilization (hpf) using a dissecting microscope.
The embryos (n = 10) were exposed to a 50 ml beaker containing 30 ml solution (Table 2). Each treatment contains three replicates. Similar to 2.2, a blank control and solvent control were set up. During the exposure period, the larvae were put into a constant temperature incubator with a light/dark ratio of 14 h: 10 h at 28°C. 3/4 volume of solution was replaced every 24 h. The mortality was recorded at 96 h after exposure (Giari et al., 2012).
TABLE 2 | Solution concentration for acute toxicity test in zebrafish larvae.
[image: Table 2]2.5 Evaluation of mixed toxicity
The additive index (AI) method was proposed by Marking in 1977 to evaluate the toxic effects of mixed systems. It is defined based on the LC50 or EC50 with 95% confidence interval (Marking, 1977). Its calculation formula is as follows.
[image: image]
S < 1.0, AI = (1⁄S) − 1; S ≥ 1.0, AI = −S + 1.0.
S represents the total biological activity, A, B and C represent the compounds in the mixture, i represents the LC50 of the individual pesticide, and m represents the LC50 of every pesticide in the mixture.
When AI < 0, the mixture toxic effect of the mixture is antagonistic, when AI = 0, it represents additive effect, when AI > 0, it is synergistic effect, and the larger the AI value, the stronger the synergistic effect.
2.6 Behavioral experiment of zebrafish larvae
Healthy zebrafish larvae were randomly selected after 3 d of hatching and placed in the solution. Two individual agents and binary mixture systems (fenvalerate:tebuconazole = 8:2) were selected for behavioral tests on zebrafish larvae based on the results of acute toxicity tests. The concentrations of all treatment groups were set at 3.00 × 10–5, 3.00 × 10–4 and 3.00 × 10–3 mg/L. Simultaneously, 3.00 × 10–5 mg/L was close to the detected concentrations in surfacewater in Australia (Allinson et al., 2015). Stock solutions of 1, 10, 100 mg/L fenvalerate and tebuconazole were prepared in acetone containing 5% Tween-80 for further dilution. A blank control was set up and the solvent control was arranged containing 0.003% acetone and 0.0015‰ Tween 80 as that in the diluted test solutions with the highest concentration (3.00 × 10–3 mg/L). Exposure tests were conducted in 500 ml beakers, each containing 300 ml solution as one replicate (containing 100 larvae). Three replicates were set for every group. Tests were performed at 28°C under a photoperiod of light/dark = 14 h/10 h. 3/4 volume of the solution was changed every 24 h and dead fish were removed promptly. At the beginning of exposure and 2 d, 20 normal larvae were randomly selected from each replicate. The larvae were raised under the same light conditions as the behavioral assay. Zebrafish swimming behavior was measured and analyzed using a brightness adjustable white light luminous plate (BGdz103,143-7B4) and the LoliTrack Animal Behavior Analysis System (IDSUI-3240CP-C-GL). The movement of the larvae was observed and photographed within 15 min using uEye Cockpit software. Monitoring indicators include average velocity, average acceleration, activity time and swimming distance of zebrafish larvae.
2.7 Statistical analysis
Statistical analysis was performed via Excel 2016 and SPSS 20.0. Significant differences were evaluated using Dunnett’s one-way analysis of variance (ANOVA). LC50 values were compared using the method by Sprague and Fogels 1976) to test for differences in toxic effects between adults zebrafish and larvae (Sprague and Fogels).
3 RESULTS
3.1 Acute lethal test results of single and mixture systems on zebrafish
As shown in Table 3, the acute toxicity of fenvalerate to adult zebrafish was higher than that of tebuconazole. The AI of mixture systems of fenvalerate and tebuconazole in different ratios were calculated using the equations. The mixture acute toxicity of the systems showed antagonistic effects on adult zebrafish when the mixing ratios of fenvalerate and tebuconazole were equal, but the other two ratios of the mixes both showed synergistic effects. The strongest synergistic effect was observed when fenvalerate was mixed with tebuconazole in the ratio of 8:2 (Table 3).
TABLE 3 | The acute toxicity of individual and mixed pesticides to zebrafish.
[image: Table 3]Similar to the results of adult fish, the acute toxicity of fenvalerate to zebrafish larvae is higher than tebuconazole (Table 3). According to the toxicity results of adult fish, the mixture system with the strongest synergistic effect (fenvalerate: tebuconazole = 8:2) was selected to evaluate the combined toxic effects of fenvalerate and tebuconazole on larvae. The results also showed a synergistic effect (Table 3). In addition, after performing the method by Sprague and Fogels, the significant differences were found in the LC50 values between adults and larvae, with adult zebrafish exhibiting lower LC50 values to individual and mixed pesticides.
3.2 Effects of different systems on the larvae behavior
There was no mortality in the larvae during exposure. In addition, no significant differences were found in all tested swimming behavior indicators between the blank control and solvent control treatments. The average velocity, average acceleration, active time and swimming distance of zebrafish larvae were significantly inhibited after 2 d of exposure to fenvalerate or tebuconazole (Figures 1–8). Different from individual exposure, the swimming behavior of larvae was significantly up-regulated at the beginning of mixture solutions exposure (fenvalerate:tebuconazole = 8:2). When the mixture exposure was prolonged to 2 d, all behavioral indicators decreased significantly (Figures 9–12).
[image: Figure 1]FIGURE 1 | Effects of fenvalerate on the average velocity of zebrafish larvae locomotion.
[image: Figure 2]FIGURE 2 | Effects of fenvalerate on the average acceleration of zebrafish larvae locomotion.
[image: Figure 3]FIGURE 3 | Effects of fenvalerate on the active time of zebrafish larvae locomotion.
[image: Figure 4]FIGURE 4 | Effects of fenvalerate on the swimming distance of zebrafish larvae locomotion.
[image: Figure 5]FIGURE 5 | Effects of tebuconazole on the average velocity of zebrafish larvae locomotion.
[image: Figure 6]FIGURE 6 | Effects of tebuconazole on the average acceleration of zebrafish larvae locomotion.
[image: Figure 7]FIGURE 7 | Effects of tebuconazole on the active time of zebrafish larvae locomotion.
[image: Figure 8]FIGURE 8 | Effects of tebuconazole on the swimming distance of zebrafish larvae locomotion.
[image: Figure 9]FIGURE 9 | Effects of the mixture systems of fenvalerate and tebuconazole on the average velocity of zebrafish larvae locomotion.
[image: Figure 10]FIGURE 10 | Effects of the mixture systems of fenvalerate and tebuconazole on the average acceleration of zebrafish larvae locomotion.
[image: Figure 11]FIGURE 11 | Effects of the mixture systems of fenvalerate and tebuconazole on the active time of zebrafish larvae locomotion.
[image: Figure 12]FIGURE 12 | Effects of the mixture systems of fenvalerate and tebuconazole on the swimming distance of zebrafish larvae locomotion.
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 3.62, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 3.94, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 4.07, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 5.42, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 3.59, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 3.34, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 3.87, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 2d (F = 4.23, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 0 d (F = 3.55, dfb = 4, dfw = 10) and 2d (F = 4.72, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 0 d (F = 4.93, dfb = 4, dfw = 10) and 2d (F = 5.12, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 0 d (F = 2.99, dfb = 4, dfw = 10) and 2d (F = 5.04, dfb = 4, dfw = 10).
Data are expressed as the mean ± SD and different alphabets denote significant differences between the exposure treatments for each day (p < 0.05, one-way ANOVA). Significant differences were found at 0 d (F = 3.53, dfb = 4, dfw = 10) and 2d (F = 4.88, dfb = 4, dfw = 10).
4 DISCUSSION
The acute toxicity test is one of the most basic indicators to evaluate the environmental effects of pesticides and has been widely used. According to Mu et al., the 96 h-LC50 values of triazole fungicide difenoconazole for adult, embryo, and larvae zebrafish were 1.45, 2.34, and 1.17 mg/L, respectively (Mu et al., 2013). However, they did not perform an in-depth statistical analysis based on the confidence interval of the LC50 values to compare the differences in acute toxicity values between every life stage. In the present study, the triazole fungicide tebuconazole exhibits roughly comparable 96 h-LC50 values against adult and larvae zebrafish. But after performing the method by (Sprague and Fogels, 1977), significant differences in the 96 h-LC50 values between two life stages of zebrafish were discovered, with adults being more sensitive. Similarly, fenvalerate and pesticide mixture (fenvalerate:tebuconazole = 8:2) are significantly more poisonous to adults than to larvae zebrafish. This difference may be related to the exposure route, with no food input during the 96 h acute toxicity test. The larvae rely on their yolk for energy during this period, while the adults are unable to maintain normal metabolism without food intake and thus become more sensitive to exogenous hazardous substances.
Some studies have demonstrated that pyrethroids mixed with organophosphorus insecticides can exhibit synergistic toxic effects on zebrafish (Zhang J. et al., 2017; Wang et al., 2017). Wang et al. also reported that the equitoxic mixture of cyprodinil and kresoxim-methyl exhibited synergistic toxic effects to zebrafish embryos (Wang et al., 2018). However, little attention has been paid to the possible differences in the toxic effects of varied ratios of mixtures on organisms. A previous study has found comparable residue concentrations of fenvalerate and tebuconazole (Allinson et al., 2015), but the practical levels may vary. Fenvalerate and tebuconazole have different periods, dosages and frequency of application in pest control. In addition, there are differences in the dissipation patterns of fenvalerate and tebuconazole under environmental conditions. Therefore, we selected three different ratios to evaluate the acute toxicity to zebrafish, aiming at a more comprehensive understanding of their combined toxic effects on fish. Wu et al. reported that fenvalerate and the triazole fungicide triadimefon had a synergistic effect on the toxicity of rare minnow embryos after co-exposure (Wu et al., 2018). The exposure concentrations used in their study were set as a simple summation of the single acute toxicity concentrations of the two pesticides, and exposure of embryos was performed after setting them in a 1:1.4 multiplicative gradient. In contrast to their study, we designed the combined exposure concentration by considering the two pesticides as a whole, and the mixture ratios were based on the environmentally relevant levels of fenvalerate and tebuconazole, which to a certain extent reflects the real situation of the environment. Our study found that mixtures of fenvalerate and tebuconazole in different ratios exhibited different combined toxic effects on zebrafish. Although the mechanisms of toxic effects of fenvalerate and tebuconazole on fish are unknown, fenvalerate is considered to be a potent insect neurotoxicant by affecting interactions with sodium channels (Tripathi and Verma, 2006), and tebuconazole acts by inhibition of fungal lanosterol-14R-demethylase in ergosterol biosynthesis (Maren Kahle et al., 2008). The two pesticides are supposed to have different toxicity mechanisms in fish and interact with different molecular targets. Therefore, different ratios of the mixture may display interactions with multiple targets along an acute toxicity pathway that comprise interaction with molecular targets, modulation of key events associated with the toxic effects (Beyer et al., 2014), and ending with the different LC50 values. The specific mechanism needs to be further explored in toxicogenomics and metabolic activities.
Behavioral indicators are an important bridge between biochemical and ecological effects of environmental pollution. Abnormalities in behavioral endpoints have the capacity to reveal potential effects of drug exposure on organisms. Some studies have reported the effects of pyrethroid insecticides on behavioral changes in zebrafish. It has been documented that the distance and time of movement of zebrafish larvae were significantly reduced after 120 h of 100 μg/L fenvalerate exposure (Han et al., 2017). Han et al. also reported that distance moved of adult zebrafish was shortened and activated time was reduced after fenvalerate exposure, and also the expression of neurogenesis-related genes was significantly downregulated to demonstrate neural damage (Han et al., 2017). Cis-fenvalerate (1,000 μg/L) was also studied by Awoyemi et al. to significantly reduce the distance moved of zebrafish larvae, and they also found that bifenthrin (0.01, 10 μg/L) significantly slowed the average speed of zebrafish larvae (Awoyemi et al., 2019). And Nema et al. showed that cypermethrin significantly reduced the distance moved of zebrafish (Nema and Bhargava, 2018). Studies on the effects of triazole fungicides on the locomotor behavior of zebrafish have been gradually reported. Short-term exposure to tebuconazole was able to cause clinical signs such as loss of motor coordination and sluggishness, and failed to recover after a decontamination period of clear water exposure (Sancho et al., 2010). Tebuconazole also increased the eye distance of juveniles and significantly reduced the distance moved, absolute angle of rotation and average speed of zebrafish (Altenhofen et al., 2017). Cyproconazole significantly reduced the activity of zebrafish larvae (Cao et al., 2019), and Paredes-Zuniga et al. found a concentration-dependent decrease in the locomotor activity of zebrafish larvae after triadimefon exposure (Paredes-Zuniga et al., 2019). Our behavioral assays indicated that after 2 d of exposure to the two pesticides individually and their mixtures, there was basically a significant decrease in the average velocity, average acceleration, activity time and distance moved of larvae. This may be due to the toxic effects on zebrafish after exposure to sublethal doses of the pesticide solution, which leads to a decrease in physical function and consequent decrease in swimming behavior. Generally, pesticide residues in the aquatic environment do not reach doses that cause fish mortality, so it is of greater value to evaluate the sublethal effects of pesticides on fish. Compared with other evaluation methods (growth, development, and reproduction), swimming behavior is a more rapid indicator of the potential effect of pesticides on fish. In the present study, the swimming ability of larvae was reduced under 2d exposure to individual and mixed pesticides, which was consistent with the previous study. But different from previous studies, we also observed the instantaneous effects of individual and mixed pesticides on the swimming behavior of larvae at the beginning of exposure. Significant up-regulation of behavioral indicators in zebrafish larvae was observed in some binary pesticide mixtures groups, while no difference under exposure to two individual pesticides, suggesting that the mixture of pesticides may be more likely to induce instantaneously stress responses. The reason is at present very unclear due to the lack of the molecular mechanism of the relative mixtures. According to Song et al., the responses at low exposure level or short-term exposure may provide valuable information on the stress-induced signal transductions and the defence system for maintaining homeostasis in the organism (Song et al., 2012). In addition, the neuroendocrine system of zebrafish is reported to provide robust physiological responses to stress, and these changes may be associated with the reduced locomotion of zebrafish (Alsop and Vijayan, 2008). Previous studies have revealed induced neural damage and reduced locomotion of zebrafish under fenvalerate and tebuconazole exposure, respectively (Altenhofen et al., 2017; Han et al., 2017). Therefore, it can be hypothesized that the anxious behavior of zebrafish might be stress responses and further study should focus on neuroendocrine system.
5 CONCLUSION
In conclusion, fenvalerate and tebuconazole had the risk of synergistic toxic effects on zebrafish and induced behavioral abnormalities at environmentally relevant levels in larvae. Based on these findings, it is recommended that the simultaneous use of both pesticides in agricultural activities near water bodies should be scientifically controlled to avoid adverse effects on aquatic organisms.
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