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            Abstract
          
        

        
          Phosmet, an organophosphate pesticide, has been widely applied to plants and animals. As the adverse effects of phosmet on the aquatic vertebrates are not fully understood, the present study was aimed to evaluate the developmental toxicity of phosmet using zebrafish (ZF) (Danio rerio) embryos. The ZF embryos were treated with 2.96, 4.44, 6.66, 10, and 15 mg/L of phosmet. Consequently, the embryo mortalities and developmental deformities were recorded at 24, 48, 72, and 96 hours post fertilization (hpf). The results showed that the effects of phosmet on ZF embryos were time- and dose-dependent. The median lethal concentration (LC50) of phosmet at 96 h was 7.95 ± 0.30 mg/L. The results of developmental toxicity showed that the phosmet induced a series of deformities in somites, tails, spines, yolk-sacs, hearts and swim bladders of ZF embryos and larvae. Among the deformities, the heart- and growth-related deformities were the most significant. Further, the phosmet-treated ZF displayed an abnormal touch-evoked response and swimming, suggesting potential neurodevelopmental toxicity of phosmet. The median effective concentration (EC50) of phosmet at 96 h was 4.38 ± 0.18 mg/L and the 96 h teratogenic index (TI) value was 1.7. Overall, these results indicate that phosmet is a teratogen and severely affects the growth of ZF in the earlier developmental stages.
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      Introduction
      Organophosphates (OPs) account for around 50% of the globally used chemical pesticides. Although these compounds are usually degraded faster, their presence and effects may be higher than expected in the environment as OPs may need to be used more often and more frequently to control pests. OPs act as a competitive inhibitor of pseudocholinesterase and acetylcholine esterase (AChE) and contribute to pathological excess of acetylcholine (ACh) in the body by preventing the hydrolysis ACh (Laetz et al., 2020). Excessive accumulation of ACh is linked to cardiotoxicity, neurotoxicity, mortality and swimming performance of fish (Qayoom et al., 2014).

      Phosmet is one of the most commonly used OP pesticides on the plants and animals for controlling colding moth, aphids, mites, suckers, and fruit flies (US EPA, 2006). Wide usage of phosmet may lead to the accumulation in the water bodies and appears to present adverse effects to freshwater vertebrates (Mitra and Maitra, 2018). Acute exposure studies of phosmet conducted on animals showed that the phosmet is highly toxic through skin and inhalation (US EPA, 2006). Phosmet also showed adverse effects on normal development and ossification of mice. (Bleyl, 1980). According to the available acute toxicity data, phosmet is toxic to Daphnia magna (48 h EC50: 0.0056 mg/L) and other fish such as Oncorhynchus mykiss (96 h LC50: 0.241 mg/L) and Lepomis macrochirus (96 h LC50: 0.07 mg/L) (European chemical agency, 2008). Recently, a study conducted on juvenile Oncorhynchus kisutch showed that phosmet can also inhibit the AChE (Laetz et al., 2020).

      The ZF has been suggested as the best option for acute toxicity studies (Nagel, 2002; Lammer et al., 2009) and is widely used in the assessment of the environmental risk of pesticides and other chemical substances (Lammer et al., 2009). Due to its small size (2-4 cm), high fertility, large brood size and short life cycle, ZF is regarded as an excellent alternative to the animal models (Lammer et al., 2009). Also, ZF embryos are transparent, and embryonic stages as well as organogenesis are well established (Kimmel et al., 1995). Therefore, it is possible to identify and predict a range of morphological and behavioral adverse effects of the drug in ZF's toxicity model (Busquet et al., 2014).

      The toxic effects of phosmet on fish have not been studied well. This study was therefore designed to assess the teratogenic potential of phosmet with ZF embryos. The current study was performed following Organization for Economic Cooperation and Development (OECD) guideline 236 to obtain a dose-related response of ZF embryos to phosmet.

    

    

  
    
      Materials and methods
      
        Materials
        Phosmet, [2-(Dimethoxyphosphinothioylthiomethyl) isoindoline- 1,3-dione] (purity 98%) and 2,4-dichloroaniline (purity 98%) were obtained from Sigma Aldrich (St. Louis, MO, USA). The stock solution was prepared in acetone and the aliquots were stored at -20oC in the dark condition. The test solution was freshly prepared by dissolving required quantities of stock solution to the E3 medium (29 mg of NaCl, 0.83 mg of KCl, 4.8 mg of CaCl2, 8.15 mg of MgCl2, and 10 μl of 1% methylene blue per 100 ml of deionized water, pH 7.2). All the chemicals used in this study were obtained from Sigma Aldrich unless otherwise stated.

      

      
        Zebrafish maintenance and embryo collection
        ZF were maintained in 50 L glass aquariums filled with dechlorinated tap water and equipped with continuous aeration and filtration systems. The fish batches were kept under a constant temperature of 25 ± 1oC and 14 h light/ 10 h dark photo period. The ZF were fed two to three times a day with fish flakes (Top meal, Tabia, Korea), live brine shrimp (artemia (INVE aquaculture, Dendermonde, Belgium)) and blood worms (Hikari Bio-pure, USA).

        Mass spawning was performed for embryo collection. Briefly, five males and five females were transferred into a nylon mesh (30×20×13 cm) which was installed in a plastic aquarium (40×25×18 cm, Daehan Biolink, Korea) contained 10 L of dechlorinated tap water. The fish were maintained at 14 h light/10 h dark regime and temperature of 26.5-27.0oC. The fertilized eggs were collected on the next day and were washed 5 times in the E3 medium.

      

      
        Toxicity assay
        The assay was performed according to OECD guideline 236 (Fish Embryo Acute Toxicity Test (FET)) (OECD, 2013) in triplicate. Briefly, the embryos were incubated with various doses of phosmet. For the main assay, 24 well plates (SPL life sciences, Korea) were used. Five test doses of phosmet (2.96, 4.44, 6.66, 10 and 15 mg/L), positive control (4 mg/L of 2,4-dichloroaniline), and control (0.05% of acetone) were used. In each plate, 20 wells (2 ml/well) were filed with respective test solutions and the other four wells (2 ml/well) were filled with E3 medium (internal controls). The embryos were dropped into each well and the plates were transferred to an incubator to maintain 26±1oC and the dark conditions. After 24 hrs, from each well, ~1.5 ml of test solution was replaced with freshly prepared test chemicals, respectively.

      

      
        Morphological abnormalities scoring
        Mortality and deformities of the ZF embryos were scored under a stereomicroscope (Stemi 508, Zeiss, Germany) at 24, 48, 72, and 96 hpf. The embryos that showed coagulation or failed to succeed the normal development were considered as dead. The defects in the somites and tail detachment were scored at 24 hpf. Abnormalities for tail morphology, tail blood flow, and eye pigmentation were scored at 48 hpf. Yolk-sac edema, pericardial edema, and unhatched embryos were counted at 72 hpf. At 96 hpf, kink formation in the tail, fish that showed side-wise position (usually ZF “float up” at 96 hpf), swimming ability in response to touch, unhatched embryos, and spine deformities were scored.

        The deformity scoring and analysis were performed as reported earlier (Slederslaghs et al., 2009). The deformities score was given in a binominal way (normal (0) or abnormal (1)). The percentages of embryo mortality was calculated as the ratio of dead embryo/larvae at the time point of observation over the number of embryos at the start of the exposure (20 fertilized eggs). The percentage of deformity at 24 and 48 hpf was calculated as the ratio of embryos that showed deformity over the number of live embryos at the time point. The percentage of deformity at 72 and 96 hpf was calculated as the ratio of embryos that showed deformity over all embryos at the time point. The resulting percentage data from three independent experiments (n=3), each with 20 replicates per concentration, were used to calculate the LC50 and EC50 values. For the 48 h EC50 calculation, deformities such as abnormal somites, tail detachment, abnormal tail morphology, abnormal eye pigmentation, hyperemia, and abnormal tail blood flow were used. For the 96 h EC50 calculation, all scored deformities were used.

      

      
        Heartbeat count
        The heartbeats were counted for 20 seconds under the microscope after 48 hrs of phosmet treatment. The data were normalized to heartbeats per minute and presented.

      

      
        Body length
        To measure the body length, the fish treated with phosmet for 96 hrs were anesthetized with a final concentration of 0.1% ethyl 3-aminobenzoate methanesulfonate (Sigma, St.Louis, USA) in 24 well plates. Photographs were captured under a stereomicroscope and the length of the fish (mouth tip to end of the tail fin) was obtained using OptiView 3.7 software (Korealabtech, Seongnam, Korea).

      

      
        Data analysis
        GraphPad Prism software version 5.0 (GraphPad Software, USA) was used to analyze the LC50 values, EC50 values, and other statistical analyses. Data were presented as mean ± SEM. One-way analysis of variance (Kruskal- Wallis method) was applied to determine the effect of concentration. Unpaired t-test was used to calculate statistical significance between control and other phosmet treatments. The p values ≤0.05 were considered as statistically significant. The teratogenic index (TI) was calculated by dividing the LC50 by the EC50 (LC50/EC50).

      

    

    

  
    
      Results and Discussion
      
        Acute toxicity of phosmet
        Phosmet-induced toxicity was time- and dose-dependent. Whereas there was no embryonic mortality found in the internal controls until 96 hpf, ~ 85% of embryo mortality was found in 4-dichloroaniline treatment within 24 hpf. These observations indicate that the obtained experimental data were reliable. No mortalities were found in the 0.05% acetone-treated control group until 96 hpf (Table 1). The cumulative mortality percentage (96 hpf) of 2.96, 4.44, 6.66, 10, and 15 mg/L phosmet-treated groups were noted as 6.7 ± 1.7, 21.7 ± 1.7, 36.7 ± 3.3, 65.0 ± 2.9, and 98.3 ± 1.7 respectively. The 48 h and 96 h LC50 of phosmet were 8.40 ± 0.68 and 7.95 ± 0.30 mg/L, respectively (Table 2).

        
          Table 1. 
				
          

          
            Percentage of deformities (3 independent experiments) observed at 24, 48, 72, and 96 hrs after phosmet treatment
          
          

        

        
          
            
              	
              	Phosmet (mg/L)
              	Mortality (%)
              	No tai detachment (%)
              	Abnormal somites (%)
              	Delayed retina pigmentation (%)
              	Abnormal tail morphology (%)
              	Abnormal tail blood flow (%)
              	Hyperemia (%)
            

          
          
            	24 hpf
            	Control
            	0.0
            	0.0
            	0.0
            	
            	
            	
            	
          

          
            	2.96
            	81.7 ± 1.7
            	0.0
            	81.7 ± 1.7
            	
            	
            	
            	
          

          
            	4.44
            	83.3 ± 1.7
            	0.0
            	
              57.0 ± 2.2
              d
            
            	
            	
            	
            	
          

          
            	6.66
            	
              88.3 ± 1.7
              b
            
            	82.4 ± 1.5
            	
              71.0 ± 1.3
              d
            
            	
            	
            	
            	
          

          
            	10
            	
              36.7 ± 3.3
              b
            
            	13.9 ± 7.3
            	
              97.2 ± 2.8
              c
            
            	
            	
            	
            	
          

          
            	15
            	
              38.3 ± 1.7
              d
            
            	15.8 ± 8.9
            	
              97.4 ± 2.6
              d
            
            	
            	
            	
            	
          

          
            	48 hpf
            	Control
            	0.0
            	
            	
            	0.0
            	0.0
            	0.0
            	88.3 ± 4.4
          

          
            	2.96
            	0.0 ± 0.0
            	
            	
            	3.3 ± 3.3
            	
              21.9 ± 3.0
              b
            
            	
              22.1 ± 2.1
              c
            
            	
              42.4 ± 1.5
              b
            
          

          
            	4.44
            	5.0 ± 2.9
            	
            	
            	
              8.9 ± 1.9
              a
            
            	
              30.0 ± 2.5
              c
            
            	
              33.3 ± 1.0
              d
            
            	
              68.7 ± 5.1
              c
            
          

          
            	6.66
            	
              11.7 ± 3.3
              a
            
            	
            	
            	
              7.6 ± 2.0
              a
            
            	
              85.1 ± 3.1
              d
            
            	
              45.4 ± 1.6
              d
            
            	
              69.9 ± 3.5
              c
            
          

          
            	10
            	
              45.0 ± 2.9
              b
            
            	
            	
            	
              63.4 ± 1.9
              c
            
            	
              94.4 ± 5.6
              b
            
            	
              90.6 ± 5.8
              b
            
            	
              75.8 ± 7.6
              a
            
          

          
            	15
            	
              48.3 ± 3.3
              c
            
            	
            	
            	
              97.2 ± 2.8
              d
            
            	
              93.9 ± 6.1
              c
            
            	
              96.8 ± 3.0
              d
            
            	
              84.2 ± 5.7
              c
            
          

        

        
          
            
              	
              	Phosmet (mg/L)
              	Mortality (%)
              	Unhatched embryos (%)
              	Pericardial edema (%)
              	Yolk-sac edema (%)
              	Kink in the tail (%)
              	Abnormal swimming (%)
              	Sidewise position (%)
              	Spine bending (%)
              	Abnormal touch response (%)
              	Abnormal Swim bladder (%)
            

          
          
            	72 hpf
            	Control
            	0.0
            	21.7 ± 4.4
            	0.0
            	0.0
            	
            	
            	
            	
            	
            	
          

          
            	2.96
            	83.3 ± 1.7
            	25.3 ± 4.7
            	
              23.6 ± 4.2
              b
            
            	
              30.4 ± 5.5
              b
            
            	
            	
            	
            	
            	
            	
          

          
            	4.44
            	
              10.0 ± 2.9
              a
            
            	37.1 ± 4.2
            	
              43.2 ± 2.2
              d
            
            	
              43.7 ± 5.6
              b
            
            	
            	
            	
            	
            	
            	
          

          
            	6.66
            	
              20.0 ± 2.9
              b
            
            	
              86.7 ± 2.2
              c
            
            	
              80.1 ± 8.8
              c
            
            	
              77.5 ± 2.69
              d
            
            	
            	
            	
            	
            	
            	
          

          
            	10
            	
              51.7 ± 1.7
              b
            
            	
              94.2 ± 2.9
              c
            
            	
              73.4 ± 4.2
              b
            
            	
              70.1 ± 6.8
              b
            
            	
            	
            	
            	
            	
            	
          

          
            	15
            	
              70.0 ± 2.9
              d
            
            	
              84.8 ± 10.9
              b
            
            	
              96.3 ± 3.7
              d
            
            	
              92.6 ± 7.4
              c
            
            	
            	
            	
            	
            	
            	
          

          
            	96 hpf
            	Control
            	0.0
            	0.0
            	
            	
            	0.0
            	0.0
            	0.0
            	0.0
            	0.0
            	0.0
          

          
            	2.96
            	
              6.7 ± 1.7
              a
            
            	1.8 ± 1.8
            	
            	
            	
              24.1 ± 1.6
              c
            
            	886.8 ± 3.4
            	10.3 ± 5.1
            	
              25.9 ± 0.4
              d
            
            	5.3 ± 3.0
            	
              53.3 ± 11.1
              b
            
          

          
            	4.44
            	
              21.7 ± 1.7
              c
            
            	
              26.1 ± 2.6
              c
            
            	
            	
            	
              46.4 ± 2.3
              d
            
            	
              57.6 ± 3.62
              d
            
            	
              42.8 ± 3.1
              c
            
            	
              53.8 ± 2.6
              d
            
            	
              35.3 ± 2.1
              d
            
            	
              94.5 ± 3.0
              d
            
          

          
            	6.66
            	
              36.7 ± 3.3
              c
            
            	
              52.2 ± 2.7
              d
            
            	
            	
            	
              25.3 ± 7.5
              a
            
            	
              81.5 ± 2.9
              d
            
            	
              52.5 ± 5.8
              c
            
            	
              75.2 ± 6.6
              c
            
            	
              14.6 ± 2.1
              b
            
            	
              94.5 ± 3.4
              d
            
          

          
            	10
            	
              65.0 ± 2.9
              b
            
            	
              93.3 ± 6.7
              b
            
            	
            	
            	
              85.9 ± 4.1
              b
            
            	
              96.7 ± 3.3
              b
            
            	
              96.7 ± 3.3
              b
            
            	
              83.0 ± 3.0
              b
            
            	
              89.6 ± 5.8
              b
            
            	
              100.0 ± 0.0
            
          

          
            	15
            	
              98.3 ± 1.7
              d
            
            	
              95.2 ± 4.8
              d
            
            	
            	
            	
              95.2 ± 4.8
              d
            
            	
              100.0 ± 0.0
            
            	
              93.3 ± 6.7
              c
            
            	
              95.2 ± 4.8
              d
            
            	
              100.0 ± 0.0
            
            	
              100.0 ± 0.0
            
          

        

        
          
            The values significantly different from the control are shown in bold text. a(p ≤ 0.05), b(p ≤ 0.005), c(p ≤ 0.001), d(p < 0.0001).
          

        

        

        
          Table 2. 
				
          

          
            LC50, EC50 and teratogenic index values (mean values of 3 independent experiments) for phosmet
          
          

        

        
          
            
              	Time (hpf)
              	LC50 (mg/L)
              	EC50 (mg/L)
              	Teratogenic index (LC50/EC50)
            

          
          
            	48
            	8.40 ± 0.68
            	4.87 ± 0.03
            	1.72
          

          
            	96
            	7.95 ± 0.30
            	4.38 ± 0.18
            	1.70
          

        

        

      

      
        Developmental toxicity of phosmet
        Acetone-treated embryo/larvae displayed normal growth and phenotype during experimental periods (Table 1). However, embryo/larvae treated with phosmet exhibited several developmental deformities from a dose of 2.96 mg/ L. All deformities were increased in a dose-dependent manner. The summarized data on several deformities observed at 24, 48, 72, and 96 hpf of phosmet-treatment are shown in Table 1. Among the deformities, cardiac- and growth-related deformities were the most common (Table 1 and Fig. 1). Table 2 shows the 48 h and 96 h EC50 values of phosmet. The ratio of cumulative LC50 values to cumulative EC50 values was greater than 1 (Table 2), indicating that phosmet is a teratogen to ZF (Slederslaghs et al., 2009).

        
          
          

          Fig. 1. 
				
          

          
            Representative images showing phosmet-induced deformities at (A) 24 hpf, 48 hpf and 72 hpf (unhatched embryos) (B) 72 hpf and 96 hpf. Controls showed normal morphology until 96 hpf. Yellow dotted circle, somites; Red dotted circle, shape of the tail; white dotted circle, eyes; PE, pericardial edema; YE, yolk-sac edema; KT, kink in the tail; AT, abnormal tail; SB, spine bending. Scale 0.5 mm.
          
          

          

        

        Fig. 1 shows the representative images of phosmet-induced deformities and the relevant descriptions. After 24 hrs of phosmet treatment, tail detachment and somite formation were quantified. There was no significant effect of phosmet on the tail detachment of ZF embryos (Table 1). However, the somite formation was significantly disrupted in phosmet-treated groups (p ≤ 0.005). The embryos that were treated from a dose of 4.44 mg/L of phosmet showed irregularly placed somite boundaries (Table 1 and Fig. 1A). At this dose, 57.0 ± 2.2% of ZF embryos displayed abnormal somite phenotype.

        Delayed retina pigmentation was one of the most significant deformities in phosmet-treated ZF embryos at 48 hpf (p ≤ 0.05). The ZF embryos treated with 2.96 mg/L of phosmet showed normal eye pigmentation as controls (Table 1). However, the ZF embryos treated from a dose of 4.44 mg/L of phosmet showed delayed eye pigmentation. Abnormal tail morphology (AT) was another significantly induced deformities in phosmet-treated embryos at 48 hpf (p ≤ 0.005). AT was observed from the lowest dose 2.96 mg/L of phosmet in a dose-dependent manner (Table 1).

        Most of the phosmet-treated embryos were not hatched (p ≤ 0.01 at 72 hpf and p ≤ 0.006 at 96 hpf). This effect was observed from a dose of 4.44 mg/L of phosmet and more than 90% of embryos were not hatched at doses of 10 and 15 mg/L phosmet. Consistent with these findings, there was a significant decrease in the hatching rate of ZF embryos after treatment with OP pesticides (Sisman, 2010; Rahman et al., 2020). Reduced hatchability might be due to disturbances in the secretion of proteases which are required for chorion digestion or paralysis caused by neurotoxicity (Schoots et al., 1982; Vittozzi et al., 2001; Qayoom et al., 2014).

        Yolk-sac edemas (YEs) were another prominent deformities in phosmet-treated groups (p ≤ 0.005). YEs were evident from the lowest dose of 2.96 mg/L of phosmet and it was dose-dependent (Table 1 and Fig. 2B).

        
          
          

          Fig. 2. 
				
          

          
            Effects of phosmet on the heart development and function. (A) Representative images of ZF embryos showing pericardial edema at the indicated dose of phosmet. The dotted white line indicates the morphology of the cardiac region. (B) Heart beats per minute at designated doses of phosmet at 48 hpf. The results are mean ± SEM (n=15 embryos). *(p ≤ 0.05), **(p ≤ 0.005), ***(p ≤ 0.001), ****(p < 0.0001). (C) Representative images showing hyperemia (arrowhead) at indicated doses.
          
          

          

        

        Tail kinks (KT) (p ≤ 0.001), spine bending (p ≤ 0.001) and abnormal tail morphology (AT) (p ≤ 0.005) were other types of deformities observed after phosmet treatment. All these deformities were observed from the lowest dose of phosmet (2.96mg/L). Similar deformities were observed in ZF embryos after treated with OP pesticides such as diazinon and sumithion (Osterauer and Köhler, 2008).

      

      
        Effect of phosmet on cardiovascular development and function
        The ZF heart appears to be a primary target for developmental toxicity (Hill et al., 2005) as it is one of the first organs to develop and function. Aiming to understand the phosmet-induced cardiac-toxicity (Yalcin et al., 2017), heartbeats, regional blood flow and pericardial edema formation were assessed both in the control and phosmet-treated groups. Cardiovascular deformities were increased in a dose-dependent manner (Table 1 and Fig. 2). Phosmet induced pericardial edema (PE) in a dose-dependent manner (p ≤ 0.01). The high incidence of PE was found in all the doses of phosmet treatment (72 hpf, Table 1) and Fig. 2A), suggesting that phosmet interferes with cardiogenesis of ZF.

        To investigate the effect of phosmet on cardiovascular function, the heartbeats of the ZF embryos in control and phosmet treatment groups were counted. The average heartbeats of the ZF embryos treated with various doses of phosmet at 48 hpf are shown in Fig. 2B. Phosmet showed a dose-dependent decrease in the heartbeats (p ≤ 0.0001). The significant effect of phosmet on the heartbeats was observed from 2.96 mg/L. The average heartbeats per minute in the controls were 158.8 and in phosmet-treated groups, the average heartbeats per minute were significantly reduced (154.8-104.0) compared to controls, indicating that the phosmet affects the cardiac function of ZF.

        There was a high incidence of hyperemia in phosmettreated groups when compared to the control group (p ≤ 0.001). Phosmet significantly induced hyperemia from the lowest dose of 2.96 mg/L ((Table 1 and Fig. 2C), suggesting an improper blood flow. To further understand the circulatory defects, the blood flow at the dorsal aorta region was observed. Phosmet significantly affected the blood flow of ZF (p ≤ 0.005). Whereas the blood flow of the acetone-treated embryos was normal, the blood flow of embryos treated with phosmet was either slow or completely absent ((Table 1) and images not shown), further supporting a notion that phosmet affects cardiovascular function.

        In ZF, PE is considered as an indicator of abnormal cardiac development, and heartbeat is considered an important cardiac function indicator (Gut et al., 2017). Several cardiac-related deformities (PE, reduced heartbeat, hyperemia, and abnormal blood flow) were observed in ZF embryos/larvae after exposure to phosmet ((Table 1), Fig. 1 and Fig. 2). Similar deformities were documented in ZF embryo/larvae exposed to OP pesticides such as diazinon, (Osterauer and Köhler, 2008; Cao et al., 2018) dichlorvos, (Sisman, 2010) and sumithion (Rahman et al., 2020). Earlier reports showed that the OPs caused over stimulation of acetylcholine receptors (Qayoom et al., 2014; Laetz et al., 2020). Hsieh and Liao reported that overexpression of muscarinic acetylcholine receptors (mAChRs) led to bradycardia (reduced heart rate) in ZF (Hsieh and Liao, 2002). And Steele et al., observed that inhibition of mAChRs attenuated hypoxic bradycardia in ZF (Steele et al., 2009). Thus, perturbations of muscarinic signaling might be one of the possible explanation for the phosmetinduced abnormal cardiac function of the ZF. However, further experiments are required to know the exact cause of phosmet induced cardiac toxicity.

      

      
        Effect of phosmet on growth and behavior
        The body length measurement showed that the phosmet significantly inhibited the overall growth of the ZF (p ≤ 0.001). The average body lengths of phosmet-treated groups were reduced in a dose-dependent manner (Fig. 3). The average body lengths of controls were 4.17 mm. The average body lengths of phosmet-treated fish were 3.45 (2.96 mg/L), 3.40 (4.44 mg/L), 3.22 (6.66 mg/L), 3.07 (10 mg/L), and 2.70 (15 mg/L) mm, respectively.

        
          
          

          Fig. 3. 
				
          

          
            Effects of phosmet on the growth of ZF. (A) Representative images of ZF larvae without treatment and treated with 4.44, 10, and 15 mg/L of phosmet at 96 hpf (B) Average body length of ZF larvae at indicated doses of phosmet at 96 hpf. The results are mean ± SEM (n=15 embryos). *(p < 0.0001).
          
          

          

        

        Phosmet treatment significantly affected swim bladder formation (p ≤ 0.01) and showed a ‘side-wise position’ (p ≤ 0.05). Whereas the controls presented normal swim bladders, phosmet-treated ZF showed either malformed or uninflated swim bladders (Table 1). The swim bladder, the gas-filled organ, is essential for the buoyancy regulation for most of the teleost species (Finney et al., 2006).

        The behavioral defects of ZF larvae have been considered as sensitive endpoints for estimating neurotoxicity (Selderslaghs et al., 2010; Palmer et al., 2017). The phosmet significantly interfered with the touch-evoked response (p ≤ 0.005) and swimming behavior (p ≤ 0.005) of the ZF. The control and 2.96 mg/L of phosmet-treated groups responded well to touch stimuli and showed a normal swimming behavior (Table 1). However, the 4.44-15 mg/L of phosmet-treated groups showed mild~no response to touch stimuli and exhibited swimming disabilities. These results imply the potential neurodevelopmental toxicity of phosmet. ZF exposed to endosulfan (Pereira et al., 2012), chlorpyrifos (Tilton et al., 2011), and profenofos (Pamanji et al., 2015) also showed swimming disabilities.

        OPs act as a nervous system poisons by inhibiting AChE (Fulton and Key, 2001). AChE inhibition leads to sublethal neurotoxicity and disrupts the normal swimming behavior of the fish (Sandahl et al., 2005; Tierney et al., 2007). OPs-mediated inhibition of AChE leads to the accumulation of ACh in the nervous termination. This, in turn, triggers overstimulation of nicotinic acetylcholine receptors (nAChRs) and mAChRs, key regulators of cellular signaling, neuronal signaling, learning and memory formation (Vittozzi et al., 2001; Braida et al., 2014; Park et al., 2016; Pedersen et al., 2018; Vasamsetti et al., 2019 ). Recently, it was reported that phosmet produced a concentrationdependent inhibition of AChE in fish (Laetz et al., 2020) and AChE was critical for the normal neuronal and muscular development of ZF (Behra et al., 2002). Thus, it is plausible that the phosmet-induced behavioral defects observed in ZF might be the consequences of AChE inhibition. It is also possible that phosmet-induced deformities like uninflated swim bladders, abnormal pectoral fins and curved spines could be other possible reasons for abnormal swimming (Müller and van Leeuwen, 2004). Thus, additional works are required to find out the exact cause of phosmetinduced swimming defects.

        To summarize, these results demonstrated that phosmet exposure at early life stages disturbed the normal growth and development of the ZF. Phosmet induced several developmental deformities at a dose significantly lower than the lethal dose, indicating that phosmet is a teratogen. Further investigations are required to gain deeper mechanistic insights into phosmet-induced toxicity.
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