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Abstract

:

Nowadays, the use of pesticides is, as before, the most common way to control arthropod plant pests and the ectoparasites of animals. The sublethal effects of pesticides on insects can appear at different levels, from genetics to populations, and the study of these effects is important for a better understanding of the environmental and evolutionary patterns of pesticidal resistance. The current study aimed to assess the sublethal effects of chlorfenapyr and fipronil on the activities of detoxifying enzymes (carboxylesterase—CarE, acetylcholinesterase—AChE, glutathione-S-transferase—GST, and cytochrome P450 monooxygenase—P450) in adults Musca domestica L. The insects were exposure to insecticides by a no-choice feeding test and the enzyme activities and the AChE kinetic parameters were examined in female and male specimens at 24 h after their exposure. According to Tukey’s test, the CarE activity was statistically significantly decreased by 29.63% in the females of M. domestica after an exposure to chlorfenapyr at a concentration of 0.015% when compared to the controls (p ≤ 0.05). An exposure to the sublethal concentration of fipronil (0.001%) was followed by a slightly decrease in the specific activity (33.20%, p ≤ 0.05) and the main kinetic parameters (Vmax, Km) of AChE in females in comparison with the control values. The GST and P450 activities had not significantly changed in M. domestica males and females 24 h after their exposure to chlorfenapyr and fipronil at sublethal concentrations. The results suggest that the males and females of M. domestica displayed biochemically different responses to fipronil, that is a neurotoxin, and chlorfenapyr, that is a decoupler of oxidative phosphorylation. Further research needs to be addressed to the molecular mechanisms underlying the peculiarities of the insect enzyme responses to different insecticides.
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1. Introduction


Nowadays, the use of pesticides remains the most common way to control arthropod plant pests and ectoparasites [1,2]. The use of pesticides in agriculture has increased over the past few decades with the continuous growth of the global food production [3]. According to the Food and Agricultural Organization, in the year of 2019, insecticides were the third most commonly used pesticide [4]. The loss of chemical substances during the emission of pesticides into the environment can range from 2% to 25% [3] and can lead to significant environmental pollution risks and potentially hazardous effects on human and animal health [2]. Under the influence of abiotic and biotic factors, the pesticide concentrations in environmental objects changes over time [5,6]. Field insect populations are under the acute and chronic influence of lethal and sublethal pesticide concentrations. It can lead to various consequences: insect death, changes in their life cycle, fertility, behavior, physiological, biochemical, molecular, and genetic parameters of both the parent generation and their offspring [7,8,9]. The study of the chronic and sublethal effects of an insecticidal exposure and their species-specific characteristics is important for a deeper understanding of the environmental and evolutionary patterns of pesticidal resistance. These patterns can shape the modern approaches to the pest and mite population control, prevention, and elimination of the resistance [8,10].



Plenty of the currently available insecticides are neurotoxins which affect certain parts of the nervous system. For example, fipronil of the phenylpyrazole class has a wide contact-intestinal, systemic spectrum of action. It acts as a non-competitive γ-aminobutyric acid receptor antagonist and its binding to the GABA receptors results in the blockage of the chloro-ion channels of nerve cells [11]. The mechanism of action of other insecticidal compounds is not associated with the impact on the nervous system. For example, chlorfenapyr, a pro-insecticide, belongs to the metabolic process modulators. The Insecticide Resistance Action Committee (IRAC) classifieds chlorfenapyr as a decoupler of oxidative phosphorylation due to the ability of its metabolites to block the ATP synthesis in the cells of insects [12]. Chlorfenapyr is effectively used as a non-repellent insecticide against various plant pests and synanthropic insects (cockroaches, bedbugs, termites, ants, mosquitoes, etc.) in America, Europe, the Asia-Pacific region, Africa, and the Middle East [13,14]. A previous study showed the synergistic interaction pattern in the fipronil/chlorfenapyr (1:4) mixture against the adults of houseflies (Musca domestica L.) [15]. Thus, chlorfenapyr and fipronil (in toxic bait formulations) may serve as an alternative to common insecticides against the adults of M. domestica.



The hydrolysis of insecticides by esterase is an important biochemical mechanism for the development of insecticide resistance that is common to several classes of chemical compounds [16,17,18]. Insect carboxylesterase (EC 3.1.1.1, CarE) performs the hydrolysis of carboxyl ester bonds and is involved both in the detoxification of exogenous compounds and in the metabolism of compounds of a physiological importance [18,19,20]. The participation of CarEs in the metabolism of organophosphorus compounds (OPCs), pyrethroids, and the development of a resistance to them has been demonstrated [21]. Carboxylesterases can rapidly bind the OPC molecules and slowly hydrolyze the resulting phosphoester bond [22]. In Aedes aegypti and Anopheles gambiae mosquitoes, carboxylesterase metabolize pyrethroids form phenoxybenzyl alcohol and phenoxybenzaldehyde, which can be further converted to phenoxybenzoic acid under the influence of P450 cytochromes. In “in vitro” experiments, the ability of different Musca domestica L. (Diptera:Muscidae) carboxylesterase isoforms to hydrolyze permethrin, but not its metabolites, was demonstrated [20]. The possibility of the “in vitro” metabolism of β-cypermethrin and fenvalerate under the influence of carboxylesterase of the cotton bollworm Helicoverpa armigera (Lepidoptera: Noctuidae) was demonstrated in the work of Li et al. [23]. Acetylcholinesterase (EC 3.1.1.7, AChE) is a serine esterase of the α-, β-hydrolase family. Its main role is to regulate the acetylcholine levels in cholinergic synapses and thus to partake in the nerve impulse transmission [24]. AChE in insects is a specific molecular target of OPCs and carbamates. The resistance development to these compounds is often realized through the mechanism of decreasing the enzyme’s sensitivity to them [24,25]. An assumption was made that solubilized AChE isoforms in insects can be involved in the sequestration of xenobiotics, including insecticides [26,27]. In addition to esterases, cytochrome P450 monooxygenase (EC 1.14.14.1, P450) and glutathione-S-transferase (EC 2.5.1.18, GST) contribute to protecting insects against insecticides [16]. For instance, an increased P450 monooxygenase activity was observed in insects resistant to thiamethoxam [28], pyrethroids [29], and spinosad [30]. The GST activities in insecticide-resistance insects are reported as being either no different [31,32] or increased compared to that in insecticide-susceptible insects [31,33].



Model insect species, such as the housefly Musca domestica L., are often used to test insecticides and study the insecticide resistance [34]. Numerous publications indicate the evolution of insecticide resistance in field populations of the housefly worldwide [35]. Under controlled laboratory conditions, M. domestica is capable of developing a resistance rather quickly (within 5–7 generations) in response to an exposure to certain insecticides [28,36]. The current study was carried out to assess the sublethal effects of chlorfenapyr and fipronil on the detoxification enzyme activities (CarE, AChE, GST, and P450 monooxygenase) in M. domestica adults. The study also examines the AChE kinetic parameters in female and male houseflies after their exposure to sublethal concentrations of chlorfenapyr and fipronil. We observed slight changes in the activities and main kinetic parameters of AChE as a sublethal effect of fipronil, that is a neurotoxin, but not of chlorfenapyr, that is a decoupler of oxidative phosphorylation. This study confirmed the differences in the enzymatic response to a sublethal exposure between M. domestica females and males.




2. Materials and Methods


2.1. Chemicals


The following chemical compounds and reagents were used: EDTA (≥99.0%, BioUltra), PTU (N-Phenylthiourea, ≥98.0%), PMSF (Phenylmethylsulfonyl fluoride, >98.5%), DTE (1,4-Dithioerythritol, ≥99.0%), Triton X-100 (t-Octylphenoxypolyoxyethethanol, ≥100.0%), DTNB (5,5′-Dithiobis(2-nitrobenzoic acid), ≥98.0%), Acetylthiocholine iodide (≥98.0%), GSH (Glutathione reduced, ≥98.0%), 1-Chloro-2,4-dinitrobenzene (97%), 3,3′,5,5′-tetramethyl-benzidine dihydrochloride (TMBZ), and Cytochrome C were obtained from Sigma-Aldrich (Germany); Folin–Ciocalteu’s Reagent (PanReac, AppliChem, Italy); BSA (bovine serum albumin) (ZAO Diakon-DC, Russia); mono- and disubstituted sodium and potassium phosphates, sulfurous copper, sodium carbonate (OOO AO REACHIM, Russia).




2.2. Insects and Insecticide Treatments


The objects of the study were laboratory adult specimens, 3–5 days old, of housefly Musca domestica L. (average weight of a female was 13.43 ± 4.24 mg, a male was 8.64 ± 2.32 mg). The insects were kept in boxes with a constant temperature of 27 ± 1 ℃ and a relative humidity of 50 ± 5%. The insects were exposed to insecticides (chlorfenapyr or fipronil) by a no-choice feeding test [37,38]. Briefly, the sugar (0.1 g) was placed in glass cups and was treated with 30 µL of the acetone solutions of insecticides, namely chlorfenapyr at concentrations of 0.015% and 0.025%, and fipronil at concentrations of 0.0005% and 0.001%. After the acetone evaporated, ten flies were placed into each cup. In the control tests, the sugar was treated with pure acetone. The cups were sealed with mesh pistons from the top and supplied with water drinkers. The mortality of the flies was recorded after 24 h, and the surviving flies were kept at −80 °C. The experiments with each concentration were repeated at least three times.




2.3. Assay of Enzyme Activities


Homogenates were prepared from each specimen of M. domestica manually at low temperatures with the addition of 0.1 M of phosphate buffer pH = 7.6, containing 1 mM of EDTA, 1 mM of PTU, 1 mM of PMSF, 1 mM of DTE, and 20% Triton X-100. The supernatant obtained after centrifugation (2 min, 12,500 rpm) was used to determine the enzyme activities and protein concentration; the supernatant before centrifugation was used to determine the monooxygenase activities. The protein content was determined by the Lowry protein assay, using bovine serum albumin solutions to construct a calibration curve. The determination of the enzyme activity was performed on 96-well microplates (MiniMed, Suponevo, Russia) on a Multiskan FC microplate photometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).



The CarE activity was assessed towards p-nitrophenylacetate at 405 nm in the kinetic mode for 5 min at 30 °C [39]. The reaction mixture contained 50 µL of homogenate and 200 µL of 50 mM sodium phosphate buffer (pH = 7.4) with 1 mM of p-nitrophenylacetate. To account for the non-enzymatic hydrolysis of the substrate, 10 µL of sodium phosphate buffer (pH = 7.4) was added to the reaction mixture instead of a homogenate.



The AChE activity was assessed according to the Ellman’s method with minor modifications [40]. To assess the specific activity of the enzyme, the reaction mixture contained 10 µL of homogenate, 90 µL of 50 mM potassium phosphate buffer (pH = 7.0), and 100 µL of Ellman’s reagent (2 mM of acetylthiocholine iodide and 0.23 mM of DTNB mixed just before the measurement). To account for the non-enzymatic hydrolysis of acetylthiocholine, 10 µL of potassium phosphate buffer (pH = 7.0) was added to the reaction mixture instead of a homogenate. The substrate content in the reaction mixture when determining the AChE activity to analyze the kinetic parameters (Michaelis constant, Km and maximal velocity, Vmax) was 0.0625 mM, 0.125 mM, 0.25 mM, 0.5 mM, 1 mM, and 2 mM. To determine the specific activity of AChE, the optical density was measured at 405 nm in the kinetic mode for 30 min at 30 °C. The absorbance in the case of the determination of the kinetic parameters was measured at 405 nm in the kinetic mode for 5 min with 15 s intervals at 30 °C. The AChE activity was represented as ΔOD/min/mg of the protein (change in the optical density per minute per mg of protein).



The GST activity was assessed towards 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm in the kinetic mode for 20 min at 25 °C [39]. The reaction mixture contained 15 µL of homogenate and 195 µL of 100 mM potassium phosphate buffer (pH = 6.5) with 9 mM of GSH in 1mM of CDNB. To account for the non-enzymatic conjugation, 15 µL of water was added to the reaction mixture instead of a homogenate.



The functional activity of the cytochrome P450 monooxygenases was assessed by the total content of the heme at 620 nm in the end point mode [39]. The reaction mixture contained 20 µL of homogenate, 60 µL of 90 mM potassium phosphate buffer (pH = 7.2), 200 µL of working solution 0.2% TMBZ with 250 mM of sodium acetate buffer (pH = 5.0), and 25 µL of 3% hydrogen peroxide. Cytochrome C solutions were used to construct a calibration curve. The P450 monooxygenase activity was represented as the µg of the cytochrome C/mg of the protein.




2.4. Data Analysis.


The kinetic parameters were determined by non-linear regression using Excel Solver software [41,42]. The statistical analysis of the enzyme activity results was performed by a one-way ANOVA test and Tukey’s test for multiple comparisons using the Statistica 13.3 software package (StatSoft, Moscow, Russia). The significance level of p < 0.05 was used to consider the identified differences as statistically significant.





3. Results


As shown in Table 1, chlorfenapyr at the concentration of 0.015% caused the 20% and 42% mortality of females and males of M. domestica, respectively, at 24 h after their insecticide exposure. An exposure to chlorfenapyr at the concentration of 0.025% led to the 40% and 100% mortality of the females and males of the insects, respectively. The mortality of the houseflies was 23% and 45% when the females and males of M. domestica, respectively, were exposed to fipronil at the concentration of 0.0005%. The mortality of females and males was 72% and 100%, respectively, after their exposure to fipronil at the concentration of 0.001%.



According to Tukey’s test, the CarE activity was statistically significantly decreased by 29.63% in the females of M. domestica after an exposure to chlorfenapyr at a concentration of 0.015% when compared to the controls (p ≤ 0.05) (Figure 1A). After an exposure to a higher concentration of insecticide (0.025%), no statistically significant difference in the carboxylesterase activity was observed in the females of the experimental and control groups. No statistically significant changes in the CarE activity were observed in the females after an exposure to fipronil as well as in male M. domestica after an exposure to both chlorfenapyr and fipronil when compared to the controls (Figure 1A).



The specific activity of AChE and its kinetic parameters in the female M. domestica of the control group and the group exposed to chlorfenapyr were not significantly different (Figure 1B). In females, after an exposure to fipronil at the concentration of 0.001%, the specific activity of the enzyme was statistically significant lower by 33.20% when compared with the control level (p ≤ 0.05) (Figure 1B). There was also a decrease in the Km value by 43.59% (p = 0.66) and the Vmax value by 45.29% (p = 0.64) in females exposed to fipronil at a concentration of 0.001% as compared to the control females (Table 2). No statistically significant changes in the specific acetylcholinesterase activity and Km and Vmax parameters were found in males after an exposure to both chlorfenapyr and fipronil (Table 2).



The GST and P450 monooxygenase activities in male M. domestica of the control group were statistically significantly lower by 25.30% and 36.6%, respectively, when compared with the enzyme activities in females of the same group (Figure 1C,D). No statistically significant changes in the GST and P450 monooxygenase activities were observed in males and females after an exposure to both chlorfenapyr and fipronil (Figure 1C,D).




4. Discussion


Insects in the natural environment are exposed to lethal and sublethal concentrations of insecticides, in response to which they are able to develop a resistance. The monitoring of insects for the insecticide resistance includes an assessment of the enzyme activity in the insects in addition to evaluating of susceptibility to insecticides by toxicological methods [43]. Insect esterases (CarE, AChE), glutathione-S-transferases, and cytochrome P450 monooxygenases are the main groups of the detoxification enzymes, which contribute to the development of a resistance, and therefore serve as biomarkers for the monitoring of the environmental quality [44,45] and insecticide resistance monitoring [46]. The current study was designed to assess the responses of CarE, AChE, GST, and P450 in M. domestica adults after an acute exposure of chlorfenapyr and fipronil at sublethal concentrations.



Previous studies demonstrated an activity increase and qualitative changes in the detoxification enzymes in the insects resistant to OPCs, carbamates [47], pyrethroids [29,46,48,49,50], and neonicotinoids [28,51]. Moreover, researchers reported different enzymatic responses to different insecticides at sublethal concentrations. In our study, the GST and P450 activities were not statistically significantly changed in male and female M. domestica at 24 h after their exposure to chlorfenapyr and fipronil at sublethal concentrations. This is comparable to the results by other researchers. Farooq and Freed (2018) reported that a treatment with fipronil at LC10, LC30, and LC50 concentrations caused no changes in the GST activities in adult M. domestica [52]. In the study by Zhao et al. (2018), the GST activity in the maggots of Bradysia odoriphaga (Diptera: Sciaridae) treated with chlorfenapyr at LC20 and LC50 concentrations did not significantly differ from the control [53]. The GST and P450 activities were shown to be decreased in the fourth instar larvae of Chilo suppressalis after being topically treated by fipronil at an LD80 dosage [54].



According to the results obtained, an exposure to chlorfenapyr at a concentration of 0.015% and fipronil at a concentration of 0.001% led to a decrease in the CarE activity and the AChE activity, respectively, in female M. domestica. Generally, insecticides, when applied at sublethal concentrations, can cause the induction of the detoxifying enzymes in insects. For instance, Siddiqui et al. (2022) examined the mechanism of the sublethal effects of beta-cypermethrin and fipronil on the red imported fire ants Solenopsis invicta Buren (Formicidae: Hymenoptera) and showed that the activity of AChE and CarE increased with an increase in the insecticide concentration [46]. In a study by Farooq and Freed, the AChE activities was elevated in adult M. domestica treated with biphentrine, acetamiprid, and fipronil at sublethal doses in comparison to the control specimens [52]. Zhao et al. reported an increase in the CarE activity in the maggots of B. odoriphaga after an exposure to chlorfenapyr at sublethal concentrations [53]. Other researchers showed no sublethal effects of the insecticides on the esterase activities. Dewer et al. (2016) emphasized that there was no impact of chlorpyriphos and methomyl on the AChE activity in the maggots of Spodoptera littoralis Boisduval (Lepidoptera: Noctuidae) when these insecticides were applied at sublethal doses [55]. The results of the study by Li et al. (2022) showed that the activities of AChE and CarE were not affected by the chlorfenapyr at the sublethal concentration applied on the nymphs of the papaya mealybug, Paracoccus marginatus Williams and Granara de Willink (Hemiptera:Pseudococcidae) [9]. In a study by Carvalho et al. (2013), fipronil did not modulate the AChE and one of the CarE isoforms (CarE-2) and, at the same time, increased the CarE-2 activity and decreased the CarE-3 activity in the honeybee Apis mellifera L. (Apidae:Hymenoptera) [44]. In an investigation by Roat et al., fipronil at a sublethal dose modulated the activity of CarE in honeybees and did not affect the activity of AChE [56]. These results agree to some extent with the data obtained by Feng et al. (2018); according to which, permethryn applied at sublethal doses caused the induction of eight CarE genes and does not affect the expression of the AChE gene in adult M. domestica [57]. It is worth keeping in mind that the induction of the detoxifying enzyme genes might be tissue-specific and depending on the insecticide doses and the time after exposure [57].



The qualitative changes in the enzyme molecule in insects as a response to an insecticide exposure can also be manifested through a shifting in the enzyme activity and affinity toward specific substrates, which, in their turn, can be observed through the kinetic parameters. We noted that for the control insects, the Km value of AChE was 2.7 times more in the females when compared with that in the males (p < 0.05). A similar proportion was observed for the specimens exposed to chlorfenapyr at sublethal concentrations, namely, the Km value was 3.4 times more in females that that in the males (p < 0.05). In contrast, the Km values of AChE in M. domestica after an exposure to fipronil did not differ between the males and females. This might be a consequence of a decrease in the Km value by 43.59% (p = 0.66) in the females exposed to fipronil as compared to the control. Additionally, we noted a decrease in the Vmax value by 45.29% (p = 0.64) in the females after an exposure to fipronil. Previously, the kinetic parameters of AChE were usually determined for the insects resistant to OPs and carbamates for the development of a resistance based on a mechanism of the decreased sensitivity of the molecular target (i.e., AChE) to insecticides. For instance, Shi et al. (2002) reported changes in the affinity and rate of hydrolysis of three substrates by the acetylcholinesterase of the propoxur-resistant specimens of the M. domestica strain: the Km and Vmax values of AChE for acetylthiocholine (ATC) in the adults of the resistant strain were higher than in the specimens of the insecticide susceptible strain [47]. The above-mentioned study has concluded that in the propoxur-resistant strain, there was a decrease in the affinity of the enzyme to the insecticides and substrate, as well as a decrease in the catalytic efficiency of AChE against the specific substrate (ATC). Similar results were obtained in other studies where authors investigated AChE in OPs- and carbamate-resistant insects [58,59,60]. A simultaneous decrease in the Vmax and Km are usually effects of an uncompetitive inhibitor due to the changes in the enzyme-substrate complex equilibrium [61].




5. Conclusions


An exposure to chlorfenapyr at sublethal concentrations led to a decrease in the carboxylesterase activity only in female M. domestica, but there were no statistically significant changes in the specific activity of acetylcholinesterase in the adults of both sexes when compared with the control. An exposure to chlorfenapyr did not affect the GST and P450 activities and the kinetic parameters of acetylcholinesterase in adult M. domestica. No statistically significant changes in the CarE, GST, and P450 activities in the adult (both female and male) M. domestica compared with the corresponding control specimens were recorded after an acute exposure to sublethal concentrations of fipronil. An exposure to the sublethal concentration of fipronil (0.001%) was followed by a 33.20% decrease in the specific acetylcholinesterase activity in females in comparison with the control values (p ≤ 0.05). A fipronil exposure was also followed by a decrease in the Vmax (by 45.29%, p = 0.64) and Km (by 43.59%, p = 0.66) of acetylcholinesterase in females, but not in males, when compared with the corresponding control specimens. Taken together, the results obtained and the published data allow us to suggest that insect males and females display biochemically different responses to an insecticidal exposure. Further research must to address to molecular mechanisms underlying the peculiarities of the insect enzyme responses to different insecticides.
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Figure 1. The enzyme activities in adults Musca domestica after exposure to insecticides at sublethal concentrations. Bars show the means with standard error (SE). Bars with the same letters are not significantly different according to Tukey’s post hoc HSD comparisons at p < 0.05: (A) carboxylesterase; (B) acetylcholinesterase; (C) glutathione-S-transferase; (D) cytochrome P450 monooxygenase. 
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Table 1. Mortality of adults Musca domestica at 24 h after exposure to insecticides.
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Treatment

	

	
Number of Insects




	

	

	
Females

	
Males




	

	

	
Total

	
Dead

	
Total

	
Dead






	
Control

	

	
30

	
0 (0%)

	
30

	
0 (0%)




	
Chlorfenapyr

	
0.015%

	
34

	
7 (20.0%)

	
49

	
21 (42.9%)




	
0.025%

	
32

	
13 (40.6%)

	
29

	
29 (100%)




	
Fipronil

	
0.0005%

	
30

	
7 (23.3%)

	
40

	
18 (45.0%)




	
0.001%

	
60

	
43 (71.7%)

	
31

	
31 (100%)
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Table 2. Kinetic parameters of acetylcholinesterase in adults of M. domestica (M ± SD) *.
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Treatment

	

	
n

	
Vmax,

ΔOD/min/mg of Protein

	
Km,

mM of ATC






	
Control

	

	
13♂

	
2.48 ± 0.67

	
0.43 ± 0.15 a




	

	
18♀

	
3.93 ± 2.22

	
1.17 ± 0.88 b




	
Chlorfenapyr

	
0.015%

	
12♂

	
2.51 ± 0.50

	
0.40 ± 0.19 a




	
0.025%

	
10♀

	
4.74 ± 2.44

	
1.36 ± 1.06 b




	
Fipronil

	
0.0005%

	
12♂

	
3.87 ± 2.76

	
0.76 ± 0.61 ab




	
0.001%

	
25♀

	
2.86 ± 2.21

	
0.83 ± 0.49 ab








* Vmax—the maximal velocity; Km—the Michaelis constant; OD—optical density; ATC—acetylthiocholine iodide; means within the column followed by the same letters are not significantly different according to Tukey’s post hoc HSD comparisons at p < 0.05.
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