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Abstract

:

The Chinese mitten crab (Eriocheir sinensis) is one of the most commercially important crustacean species in China. The aim of this study was to characterize the toxic effects of butachlor (an herbicide of the acetanilide class) on juvenile E. sinensis crabs. The lethal effects and the acute toxicity of butachlor on juvenile E. sinensis specimens were assessed through a semi-static in vitro experiment. We determined the activities of superoxide dismutase (SOD) and catalase (CAT) as well as the levels of glutathione (GSH) and malondialdehyde (MDA) in the gills and the hepatopancreas of the juvenile crabs, at different time points over a 14-day short-term exposure to butachlor. Moreover, we measured the residual levels of butachlor in three different tissues (gills, hepatopancreas, and muscles) of the juvenile crabs over a longer period. Our findings revealed that butachlor is highly toxic for juvenile E. sinensis crabs. In fact, the median lethal concentration (LC50) values of butachlor at 24, 48, 72, and 96 h were found to be 4.22, 1.84, 0.34, and 0.14 mg/L, respectively, while the safe concentration was 0.014 mg/L. The antioxidant defense ability of the juvenile E. sinensis crabs against butachlor was induced after exposure to the herbicide at a concentration of 0.01 mg/L. After 14 days of exposure to butachlor at 0.04 and 0.16 mg/L, both SOD and CAT were found to be significantly inhibited (p < 0.05), the GSH levels were found to be significantly decreased (p < 0.05) and the MDA levels were identified as significantly increased (p < 0.05). Moreover, after 14 days of exposure to butachlor at 0.16 mg/L, the activities of SOD and CAT as well as the content of GSH in the hepatopancreas were found to be significantly decreased (p < 0.05). Our results revealed that a high concentration of butachlor was capable of inducing oxidative stress and damage in juvenile E. sinensis crabs. The maximal residual value of butachlor was obtained in the gills, with a content of 4.56 μg/kg. Butachlor was not detected after 24 days in the aforementioned three tissues of the juvenile crabs, thereby indicating that it was effectively metabolized.
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Key Contribution: This study indicates that long-term low-dose exposure to butachlor can cause irreversible damage to juvenile E. sinensis and a high concentration of butachlor can cause lipid peroxidation damage in hepatopancreas and the gills of juvenile E. sinensis. Butachlor reduced stress damage by inducing the activities of CAT and SOD.










1. Introduction


The extensive use of pesticides in modern agriculture has not only assured high and steady grain yield, but also resulted in many toxic substances entering the environment, thereby contaminating the soil, the water, and the agricultural products. The amount of pesticides used in China is constantly increasing: from 1.288 million tons in 2000 to 1.807 million tons in 2020 [1]; meanwhile, the average amount of pesticides implemented has also increased from 8.2 kg/ha to 10.9 kg/ha (calculated according to the total sown area of crops). According to statistics reported by the Ministry of Agriculture and Rural Affairs, the effective utilization of pesticides in China is about 40.60% in 2020, and the irrational use of pesticides has led to increasingly prominent agricultural non-point source pollution problems.



Herbicides are one of the most widely utilized types of pesticides, which account for approximately 50% of the international pesticide market and are used in order to selectively kill or inhibit plant growth. A large number of studies have demonstrated that herbicides can persist in the soil during production and use, or migrate to the atmosphere, the surface water, and other external environments through atmospheric transport and surface runoff [2,3,4,5,6]. It has been verified that some herbicides, such as linuron, herbicide ether, and glyphosate, can exhibit estrogenic activity and/or have teratogenic, mutagenic, and carcinogenic impacts that greatly threaten the environment as well as human health [7,8,9]. Most countries have prohibited the production and use of highly toxic herbicides such as herbicide ether. In 2001, China also banned the production, sale, and use of such pesticides. At present, although herbicides commonly used in agricultural production have the characteristics of low toxicity and short half-life, their use is extensive and frequent [10]; a fact that also leads to their ‘persistence’ in the environment, thereby exerting a definite long-term environmental impact [11]. Therefore, the residue, distribution, and migration of these compounds in the environment need to be studied and resolved urgently.



The rice-fishery integrated system, which combines fishery production and rice farming, is an important mode of ecological agriculture that promotes the balanced development of food production, utilization of agricultural resources, and environmental protection. The rice-fish culture system has emerged as an important component of freshwater fisheries in China. In recent years, based on traditional rice cultivation, Chinese aquatic technology extension workers have actively explored a new comprehensive planting and breeding model of rice and fishery. In 2022, the total area of farmed rice-fish covered was 2.86 million hectares, with an aquatic production that exceeded 3.87 megatons [12]. Nevertheless, due to the need for weed and disease control, pesticides cannot be completely eliminated in the rice-fishery integrated system, and pesticide residues are still one of the key issues identified in the quality and safety control of aquatic products. Pesticides not only have lethal effects on aquatic animals, but also affect their individual development, reproduction, and behavior, leading to pathological changes in biological tissues, oxidative stress, and lipid peroxidation-associated injury. Consequently, it is of great importance to evaluate the toxic effects of pesticides on cultured organisms in rice fields for both scientific and regulatory reasons.



The Chinese mitten crab (Eriocheir sinensis) is one of the most commercially important crustacean species in China. In 2022, the total cultivated area of farmed rice-crabs in northeast China reached 137,000 hectares [12]. The growth, metabolism, and reproduction of E. sinensis are primarily influenced by environmental factors such as temperature, oxygen, nutrient concentration, heavy metals, and organic pollutants [13,14,15,16,17]. Some herbicides widely used in rice cultivation have been shown to be acutely toxic to E. sinensis, and studies have been carried out regarding their residual effects and histopathological characterization [18,19]. Butachlor, a highly effective and selective herbicide, is widely used in China [20,21,22,23]. Butachlor exerts a low direct toxicity on aquatic organisms. However, its high hydrophobicity, easy adsorption, low leaching, and toxic effects on non-target organisms have attracted extensive attention. The cell and mitochondrial membranes of Carassius auratus were damaged by reactive oxygen species induced by butachlor. The metabolic activation pathway of butachlor led to the production of potential ultimate carcinogenic metabolites, including CDEPA, DEA, or DEAOH [24]. Studies on the toxicity of butachlor on aquatic organisms primarily involve studies on morphology, developmental toxicity, endocrine disruption, and immune toxicity [25,26,27,28,29]. Butachlor is highly toxic to zebrafish embryos, affecting hatching, and resulting in malformations and mortality [30]. However, the toxicity of juvenile E. sinensis has not been reported yet.



The aim of this study was to characterize the toxic effects of butachlor on juvenile E. sinensis crabs, in order to provide a theoretical basis for the risk assessment of herbicides in a rice-fishery integrated system. The lethal effects and the acute toxicity of butachlor on juvenile E. sinensis specimens were assessed through a semi-static in vitro exposure method. The activities of superoxide dismutase (SOD) and catalase (CAT) as well as the levels of glutathione (GSH) and malondialdehyde (MDA) in the gills and the hepatopancreas of the juvenile crabs were determined, at different timepoints over a 14-day short-term exposure to butachlor. Moreover, we measured the residual levels of butachlor in three different tissues (gills, hepatopancreas, and muscles) of the juvenile crabs over a longer period.




2. Material and Methods


2.1. Experimental Material


Since the application of butachlor on the rice field takes place in May each year, the experimental organisms selected in this study were juvenile E. sinensis during the same period of the pesticide application. The crabs were obtained from the Panjin breeding base in the province of Liaoning. The obtained E. sinensis were incubated in adequately aerated tap water for 14 days, with an average water temperature of 25 °C ± 2 °C and a pH of 6.55–7.53. The crabs were fed regularly during the incubation period. Healthy and disease-free young crabs of the same size with healthy appendages were randomly selected in order to carry out the toxicity impact experiments. Crabs selected for the experiment were chosen based on criteria including vibrancy, normal coloration, absence of trauma, and presence of healthy appendages. Their body weight was (49.2 ± 7.5 g), and male and female crabs were used at random. The 98% pure butachlor powder was obtained from Jiangxi Zhonghe Biotechnology Co., Ltd. (Nanchang, China), while pure ethanol was obtained from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China). The SOD, CAT, MDA, GSH, and protein analysis kits were purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



The experiments were carried out in a glass jar. The crabs were starved for 48 h to empty the digestive systems before the experiment. During the experiment, the water temperature ranged between 25 °C and 27 °C, the pH ranged between 6.57 and 7.68, and the dissolved oxygen (DO) in the water was maintained above 6.0 mg/L after 24 h of continuous aeration. Semi-static in vitro exposure was used in our experiments. Firstly, the 24 h lethal concentration of 10 mg/L and the 96 h non-lethal concentration of 0.01 mg/L were confirmed by preliminary experiments. Six concentration gradients (0.010, 0.040, 0.16, 0.63, 2.51, and 10.00 mg/L) were selected according to the geometric progression between 0.01 and 10 mg/L. The blank group (aerated tap water) and the cosolvent group (ethanol) were set up, and each concentration group was set up in four parallel tanks. Moreover, 10 Chinese mitten crabs were placed in each tank, and the water was replaced every 24 h. The crabs were fed once a day during the experiment, and the residual feeds were cleaned up immediately after feeding. At the beginning of the experiment, the survival conditions of the juvenile crabs were observed, the pH, DO and temperature of the water were measured, and the behavioral changes and the deaths of the juvenile crabs were recorded at 24 h, 48 h, 72 h, and 96 h; the dead animals were fished out in time.




2.2. Determination of the Oxidative Stress-Related Parameters


At 4, 10, and 14 days, the surviving juvenile crabs were removed from each concentration group. During the experiment, all juvenile crabs died in the 0.63, 2.51, and 10.00 mg/L butachlor concentration groups, and thereby they were not analyzed. The juvenile crabs were placed on ice, and their gills and hepatopancreas tissues were instantly dissected. The tissues were washed with pre-cooled PBS buffer solution, and the surface moisture was absorbed by filter paper. After weighting 0.2 g of tissue, the samples were immersed in pre-cooled 0.86% saline in a ratio of 1:9 (w/v), and homogenized in an ice bath, then followed by refrigerated centrifugation for 10 min at 5000 r/min. The GSH and MDA contents as well as the activities of SOD and CAT in the supernatant after centrifugation were measured by commercially available kits, following the manufacturers’ instructions of the respective kits (Nanjing Jiancheng Biotech Inc., Nanjing, China).




2.3. Butachlor Residue Test


For this experiment, 300 crabs were used, weighing 50–75 g each. The initial concentration of butachlor was 2.0 μg/L. Five Chinese mitten crabs were randomly selected for analysis at 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, 72, 96, 120, 144, 216, 336, 528 and 576 h. The muscles, the hepatopancreas, and the gills of these crabs were dissected and stored at −20 °C until analysis.



The thawed hepatopancreas, muscle, and gill samples were weighed at 2.0 g and placed into 10 mL plastic centrifuge tubes along with 5.0 mL of acetonitrile. Subsequently, the tubes were placed on a vortex oscillator for 2 min and were then centrifuged at 5000 r/min for 10 min. After absorbing the supernatant, the residual tissue was extracted again with the use of 5.0 mL of acetonitrile. The gained supernatant was passed through an alkaline alumina SPE column that was previously activated with 10 mL of acetonitrile. The filtrate was directly collected in a test tube, and blown dry under nitrogen at 50 °C, then dissolved in 1 mL of acetonitrile/water (1:1 v/v) and passed through a 0.22-μm filter membrane.



The concentration of butachlor in extracts was investigated by a liquid chromatography-tandem triple quadrupole mass spectrometer (Waters UPLC, Waters TQ-S; Waters Corporation, Massachusetts, USA) equipped with an ESI ion source. The method was referred to in the references [31]. The limit of quantification of butachlor in the muscle was 0.05 μg/kg.




2.4. Calculation of the Median Lethal Concentration (LC50) and the Safe Concentration (SC)


The LC50 of butachlor in juvenile crabs was calculated by an improved Kou’s method [32]. The formula used was as follows:


  log   LC   50   =  X m  − i  (      ∑      P  − 0.5  )   



(1)




while the formula for the determination of SC was as follows:


  SC =   LC   50    (  96 h  )  × 0.1  



(2)




where Log is the logarithmic value of the base 10, Xm is the logarithmic value of the maximum concentration, i is the logarithmic difference of the adjacent concentration groups, and ∑p is the sum of the mortality of each concentration group.




2.5. Statistical Analysis


The experimental data are expressed as the mean ± standard deviation of the four replicates. The diagrams were drawn with the Prism 7.0 software. Two independent-sample t-tests were used for statistical analysis by SPSS 22.0 software. A p-value that was <0.05 was considered as indicative of a statistically significant difference, while a p-value that was <0.01 was considered as indicative of a difference that was statistically extremely significant.





3. Results


3.1. Acute Toxicity of Butachlor in Juvenile E. sinensis Crabs


As the duration of exposure increased, juvenile E. sinensis crabs subjected to varying concentrations of butachlor displayed varying levels of toxicity symptoms. During the experiment, there was no poisoning phenotype or death observed in the blank control and solvent control groups. Under the concentration of 0.01 mg/L of butachlor, most individuals were active during the whole process, but a few individuals exhibited mild poisoning symptoms. When compared with the control group, the juvenile crabs in the 0.04 mg/L and the 0.16 mg/L butachlor concentration groups had no abnormal behavior at the initial stage of the exposure but showed symptoms of poisoning (such as slow swimming and slow reaction) after 72 h of exposure. After 48 h of exposure, the juvenile crabs gradually showed retardation of feeding and locomotion, clumping, appendage loss, and individual death in concentrations of 0.63 and 2.15 mg/L of butachlor. Elevated levels of butachlor had been found to have significant toxic effects on juvenile crabs. Exposure to a concentration of 10.00 mg/L resulted in observable behavioral changes, including restlessness, decreased swimming speed, increased aggregation, partial limb loss, and ultimately, the manifestation of symptoms indicative of abdominal and body rigidity poisoning. In fact, after 72 h, 100% of the individuals exposed to 10.00 mg/L of butachlor were dead (Table 1). The juvenile crabs continued to die after the acute toxicity test, which may be due to the bioaccumulation of the pesticide in the juvenile crabs or the conversion of more toxic metabolites.



There was a significant time- and dose-dependent relationship between the number of deaths of juvenile crabs and the concentration of butachlor administered (Table 1). With the increase in the concentration of butachlor and the prolongation of the exposure time, the survival rate of crabs decreased and the mortality rate increased. At 24 and 48 h of exposure, the mortality rate of crabs exposed to 0.01, 0.04, 0.16, and 0.63 mg/L of butachlor were all less than 25%, but the rate in the 10.00 mg/L group reached 45% and 65%, respectively. There was a significant difference in mortality between the 10.00 mg/L group and the other groups (p < 0.05). After 96 h of stress, the mortality rate of juvenile crabs exposed to less than 0.16 mg/L of butachlor was less than 50%, and that of juvenile crabs in the 2.51 mg/L butachlor group was 95%. In the 10.00 mg/L butachlor group, all juvenile crabs died after 72 h. At 72 and 96 h of exposure, the mortality in the 2.51 and 10.00 mg/L butachlor groups was significantly different from that of other groups (p < 0.05). The LC50 of butachlor for juvenile Chinese mitten crabs at 24, 48, 72, and 96 h was found to be 4.22, 1.84, 0.34, and 0.14 mg/L, respectively. The SC of butachlor was identified as 0.014 mg/L.




3.2. Effects of Butachlor on Oxidative Stress-Related Parameters in the Gills of Juvenile E. sinensis Crabs


Within 14 days of exposure, the GSH content in the gills of juvenile crabs in all butachlor groups progressively diminished and reached the lowest value on the 14th day. The effects of different concentrations of butachlor on the antioxidant status of the gills of juvenile crabs were different (Figure 1). Under the stress of a 0.01 mg/L butachlor concentration, the content of MDA in the gills exhibited an overall trend of rising first, and then declining with the extension of the exposure time, while the MDA levels in other butachlor groups gradually increased with time and reached a peak on the 14th day. After 14 days of exposure to butachlor, the MDA levels of the 0.01 mg/L group were significantly lower than those of other butachlor concentration groups. Under the 0.01 mg/L and 0.04 mg/L butachlor exposure conditions, the CAT activity in the gills of juvenile crabs increased initially and then decreased with the extension of the exposure time, before reaching the peak value on the 4th day of the exposure (which was significantly higher than that in other concentration groups; p < 0.05). In the 0.16 mg/L and 0.63 mg/L butachlor groups, the CAT activity fluctuated and decreased to the lowest value during the 14th day of the exposure; this value was significantly lower than that observed in the control group and the 0.01 mg/L butachlor group (p < 0.05). The SOD activity in the gills of juvenile crabs belonging to the 0.01 mg/L butachlor group declined initially and then rose with the prolongation of the exposure time, while the SOD activity in other concentration groups gradually decreased with the prolongation of the exposure time and the increase of the butachlor concentration. On the 14th day of the exposure, the SOD activity of the 0.01 mg/L butachlor group was markedly higher than those of other concentration groups (p < 0.05).




3.3. Effects of Butachlor on Oxidative Stress-Related Parameters in the Hepatopancreas of Juvenile Chinese Mitten Crabs


The activities of SOD and CAT and the levels of MDA in the hepatopancreas of juvenile crabs were different from those identified in the gills. The SOD activity in the hepatopancreas was responsive to the change in butachlor concentration and demonstrated a trend of increasing and declining with the prolongation of the exposure time (Figure 2). The maximum value of the SOD activity in the 0.01–0.16 mg/L butachlor groups was reached on the 10th day of the experiment and was significantly higher than those of the control and the 0.63 mg/L group (p < 0.05). The maximum value of the SOD activity in the 0.63 mg/L butachlor group was reached on the 4th day. The CAT activity displayed a significant dose-response relationship with butachlor. On the 14th day of the experiment, the CAT activity in the hepatopancreas of juvenile crabs declined markedly and reached a level that was lower than that of the control group and of those observed on the 4th and the 10th days of the experiment. After 4 days of exposure, the levels of GSH in the hepatopancreatic tissue exhibited a downward trend, particularly in the 0.16 and the 0.64 mg/L butachlor groups, and were notably lower than those of the control group and other butachlor groups. At the 0.01 mg/L butachlor concentration group, the MDA content basically increased initially and then decreased with time. Under the concentrations of 0.16–0.63 mg/L, the MDA levels gradually increased with time and were significantly higher than those of the control group and the 0.01 mg/L butachlor group (p < 0.05) after 10 days of exposure.




3.4. Residues of Butachlor in Different Tissues


The concentration of butachlor in the different tissues of young crabs increased rapidly (Figure 3). The butachlor levels in the gills and the hepatopancreas reached their maximum at 24 h, and were 4.56 and 0.86 μg/kg, respectively. The highest concentration of butachlor in the muscles appeared at 120 h and reached 0.45 μg/kg. The content of butachlor in the gills was significantly higher than that in the hepatopancreas and the muscles at peak. Butachlor was no longer detected in the gills at 528 h, while butachlor was no longer detected in the muscles and the hepatopancreas at 576 h.





4. Discussion


Butachlor has comparatively significant toxicity to aquatic organisms, with different acute lethal effects on different aquatic species. The LC50 values of butachlor against Channa punctata (Bloch) were determined to be 0.30 mg/L at 24 h and 0.25 mg/L at 48 h [33]. For Tilapia zillii, the LC50 values at 24, 48, 72, and 96 h were found to be 3.13, 1.93, 1.27, and 1.25 mg/L, respectively [34]. The 96 h LC50 values of butachlor for Rutilus frisii Kutum, rainbow trout, bluegill sunfish, carp, and channel catfish were determined to be 0.26, 0.52, 0.44, 0.32, and 0.14 mg/L, respectively [35,36]. The LC50 values for butachlor in Heteropneustes fossilis, Clarias batrachus, Channa punctatus, and the larval stages of Culex pipiens fatigans were determined to be 2.34, 3.25, 2.82, and 35 mg/L for butachlor respectively [28]. Additionally, the 24-, 48-, 72- and 96 h LC50 values for juvenile crabs were found to be 4.22, 1.84, 0.34, and 0.14 mg/L, respectively. These results suggested that crustaceans and other invertebrates exhibit greater sensitivity to butachlor compared to fish.



According to the pesticide toxicity classification standard for fish in the Environmental Safety Assessment Test Criteria for Chemical Pesticides (GB/T 31270.21-2014) [37], the toxicity levels of butachlor to juvenile crabs were highly toxic (0.1 mg/L < LC50 < 1.0 mg/L). Other pesticides were also toxic to crabs. The LC50 value of glyphosate at 48 h for the adult E. sinensis crabs was 97.86 mg/L [38]. The 96 h semi-lethal mass concentrations of avermectin, chlorpyrifos, triazophos, and benzothiachlor for juvenile Chinese mitten crabs were 73.44, 0.49, 3.62, and 0.18 mg/L, respectively [39]. This may be due to the different experimental conditions and sizes of the experimental animals used, implying that the different growth stages of the same species exert different sensitivities to toxic pollutants.



Low concentrations of butachlor do not induce acute mortality in juvenile crabs. However, prolonged exposure to low doses can result in irreversible harm and mortality. Amide herbicides have been shown to interfere with the balance of free radicals (O2−, H2O2, OH−, etc.) in organisms, leading to irreversible oxidative damage [40,41]. Under conditions of butachlor-induced oxidative stress, the activities of SOD and CAT in the gills and hepatopancreas of juvenile E. sinensis crabs exhibited variations. Specifically, the activities of SOD and CAT in the gills of the juvenile crabs were notably elevated compared to those in the hepatopancreas, with the induction effect manifesting earlier in the former. Furthermore, in the residual test, the concentration of residual butachlor in the gills was significantly higher than that in the hepatopancreas and the muscles. Gills possess a heightened sensitivity due to their direct absorption of pollutants from the aquatic environment.



The findings of this study indicated that a low concentration of butachlor (0.01 mg/L) could enhance the antioxidant defense capacity of juvenile E. sinensis in the short term. The antioxidant enzyme system is crucial for neutralizing free radicals within organisms. SOD is the primary antioxidant enzyme in the body, effectively eliminating reactive oxygen species and producing H2O2. CAT is a key enzyme found in peroxisomes, playing a significant role in eliminating H2O2 generated by the disproportionation of the superoxide anion radical [42,43]. This phenomenon occurs due to the introduction of exogenous pollutants into the organism (under stress of 0.01 mg/L butachlor), leading to the generation of a significant quantity of free radicals and the subsequent upregulation of SOD and CAT activities, thereby promoting the elimination of free radicals.



In the residual analysis, butachlor was found to be absent in the gills after 528 h, and in the hepatopancreas and muscles after 576 h. This indicates that juvenile crabs exhibit a degree of tolerance to low levels of contaminants. Butachlor was applied at a prescribed dose (600–900 g/ha) prior to transplanting rice [44], followed by the introduction of crab seedlings at 2- or 3-week intervals. The greatest duration of butachlor residue in the tissues of young crabs was 576 h (24 days). The incubation period exceeds three months, and typical operational conditions do not result in detectable levels of butachlor residue in crabs. However, exposure to elevated concentrations of butachlor or prolonged use of the herbicide may inhibit the activities of SOD and CAT. When excessive formation of free radicals surpasses the capacity for scavenging, potentially explaining the initial increase followed by a subsequent decline in SOD and CAT activities.



GSH is a crucial antioxidant in living organisms, effectively neutralizing free radicals. MDA is a metabolite of lipid peroxidation and serves as an indicator of oxidative damage in cells [45]. A dose-response relationship was observed between the concentration of butachlor and the MDA content in the gills and hepatopancreas. Under conditions of butachlor-induced oxidative stress, the level of induction of MDA in the liver was significantly greater than in the gill tissue, suggesting that the hepatopancreas of young crabs is more vulnerable to lipid peroxidation than the gills. Exposure to phenanthrene and benzothiachlor resulted in varying degrees of oxidative damage in the Chinese mitten crabs, with the hepatopancreas experiencing more severe oxidative damage compared to the gills. The variation in oxidative damage levels among different tissues in organisms can be attributed to the diverse functions performed by these tissues. Specifically, the gills primarily facilitate gas exchange, whereas the hepatopancreas serves as the primary metabolic site for toxic substances [46,47]. Given its lipophilic nature, butachlor, an organic pollutant, tends to accumulate in tissues with higher fat content such as the hepatopancreas. The MDA content exhibited significant variance across varying concentrations of butachlor, suggesting a strong correlation between the level of oxidative damage in organisms and the concentration of butachlor. This observation is supported by previous research on the toxic effects of phenanthrene and benzothiachlor on E. sinensis [46,47].




5. Conclusions


Butachlor exhibited high toxicity towards juvenile E. sinensis crabs, as evidenced by its LC50 values of 4.22, 1.84, 0.34, and 0.14 mg/L at 24, 48, 72, and 96 h, respectively, with a corresponding SC of 0.014 mg/L. While low concentrations of butachlor do not result in immediate mass mortality of the organisms, prolonged exposure to low doses can lead to irreversible harm. Exposure to elevated levels of butachlor induces lipid peroxidation, causing damage to the hepatopancreas and gills of juvenile E. sinensis crabs. At a concentration of 0.014 mg/L, butachlor had been shown to mitigate the effects of butachlor-induced oxidative stress by enhancing the activity of antioxidant enzymes such as CAT and SOD. Additionally, the concentration of butachlor was found to be significantly higher in the gill compared to the hepatopancreas and muscles of juvenile E. sinensis crabs. Furthermore, the persistence of butachlor was observed to be longer in the hepatopancreas and muscles compared to the gills.
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Figure 1. Effects of butachlor on the levels of GSH (a) and SOD (b) as well as on the activities of CAT (c) and MDA (d) in the gills of juvenile E. sinensis crabs. BC: blank control, SC: solvent control. 
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Figure 2. Effects of butachlor levels on GSH (a), SOD (b), CAT (c), and MDA (d) contents in the hepatopancreas of juvenile Chinese mitten crab, Eriocheir sinensis. BC: blank control, SC: solvent control. 
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Figure 3. Residual of butachlor in the tissues of juvenile E. sinensis crabs. 
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Table 1. Effects of butachlor-induced acute toxicity on juvenile E. sinensis crabs.
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Items

	
Average Number of Death/Mortality Rate (%) (n = 10)




	
24 h

	
48 h

	
72 h

	
96 h




	
Number

	
Rate (%)

	
Number

	
Rate (%)

	
Number

	
Rate (%)

	
Number

	
Rate (%)






	
Butachlor concentration

(mg/L)

	
Blank control

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Ethanol control

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
0.01

	
0.50 ± 0.58

	
5.00 ± 5.77 b

	
1.00 ± 0.82

	
10.00 ± 8.17 b

	
1.50 ± 0.58

	
15.00 ± 5.77 b

	
2.00 ± 0.82

	
20.00 ± 8.17 b




	
0.04

	
1.00 ± 0.82

	
10.00 ± 8.17 b

	
1.25 ± 0.96

	
12.50 ± 9.57 b

	
1.75 ± 0.50

	
17.50 ± 5.00 b

	
3.50 ± 0.58

	
35.00 ± 5.77 b




	
0.16

	
1.00 ± 0.82

	
10.00 ± 8.17 ab

	
1.25 ± 0.96

	
17.50 ± 5.00 b

	
1.75 ± 0.50

	
37.50 ± 5.00 b

	
3.50 ± 0.58

	
47.50 ± 9.57 b




	
0.63

	
1.75 ± 0.50

	
17.50 ± 5.00 b

	
2.25 ± 0.96

	
22.50 ± 9.57 b

	
4.50 ± 1.29

	
45.00 ± 12.91 b

	
6.25 ± 0.96

	
62.50 ± 9.57 b




	
2.51

	
2.50 ± 0.58

	
25.00 ± 5.77 b

	
4.50 ± 1.29

	
45.00 ± 12.9 b

	
8.00 ± 0.82

	
80.00 ± 8.17 a

	
9.50 ± 0.58

	
95.00 ± 5.77 a




	
10

	
4.50 ± 1.29

	
45.00 ± 12.91 a

	
6.50 ± 0.58

	
65.00 ± 5.77 a

	
10.00

	
100.00 a

	
10.00

	
100 a




	
LC50/(mg/L)

	
5.31

	
2.11

	
0.47

	
0.18








Note: Data expressed as mean ± standard deviation of the four replicates. Values within the same row with different letters mean a significant difference (p < 0.05).
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