



QUANTITATIVE CHANGES IN ENZYMATIC TITER THAT OFFERS RESISTANCE AGAINST FLUBENDAMIDE IN Spodoptera litura POPULATION COLLECTED FROM VEGETABLE CROP ECOSYSTEM OF RANGAREDDY DISTRICT 
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ABSTRACT 

	Aims: To understand the role of detoxifying enzymes in resistance development in Spodoptera litura against flubendamide	Comment by Anonymous: Mentioning the specific enzymes (MFO, GST, esterase) in the aim would improve clarity.
Place and Duration of Study: This experiment was carried out in the laboratory of Department of Entomology and Central Instrumentation Cell, College of Agriculture, Rajendranagar during kharif, 2022
Methodology: Quantitative changes in detoxification enzymes associated with flubendamide resistance were assessed in S. litura field populations from Chevella and Maheshwaram mandals and compared with a susceptible strain. Activities of esterase, glutathione S-transferase (GST) and cytochrome P450 monooxygenase (MFO) were estimated in third-instar larvae surviving LC₅₀ exposure using standard biochemical assays. Enzyme activities were statistically analyzed using ANOVA followed by t-test at the 5% significance level.	Comment by Anonymous: The use of LC₅₀ survivors for enzyme estimation is acceptable but could be briefly justified (e.g., relevance to resistance mechanisms).	Comment by Anonymous: Statistical methods are correctly mentioned; however, specifying replication or sample size would enhance transparency.
Results: Exposure of third instar larvae of S. litura from Chevella and Maheshwaram to LC₅₀ of flubendamide resulted in significantly higher detoxifying enzyme activity compared to the susceptible population. Among the enzymes studied, mixed function oxidases (MFOs) showed the highest elevation (2.76–2.79 fold), followed by GST, while esterase activity increased only marginally. Strong positive correlations between resistance ratios and MFO (R² = 0.97) and GST (R² = 0.94) indicate their major role in flubendamide detoxification. These results suggest that enhanced MFO activity is the primary mechanism conferring tolerance to flubendamide in field populations of S. litura.
Conclusion: Understanding the enzymatic basis of resistance highlights the need for proper insecticide rotation and integrated pest management strategies to sustain its effectiveness.	Comment by Anonymous: The phrase “to sustain its effectiveness” should clearly specify “flubendamide effectiveness”.
The conclusion could briefly restate the key finding (dominant role of MFOs) for stronger impact.




Keywords: Mixed function oxidase, Esterase, Glutathione-S-transferase, Resistance. 	Comment by Anonymous: Add 2 to 3 keywords.

1. INTRODUCTION 

[bookmark: _Hlk156850945]Tobacco caterpillar, Spodoptera litura (Fabricius) is a persistent polyphagous pest of field and horticultural crops (Shankaramurthy, 2006). It is found throughout Asia, in the eastern section of the planet from North Africa to Japan, Australia and New Zealand (Feaken, 1973). It is a significant pest in India causing damage to a wide range of economically important crops including tobacco, cotton, groundnut, castor, chilli, potato, soybean, cauliflower, cabbage, tomato, beans, sunflower and onion (Tukaram et al., 2014) resulting in 26–100 per cent yield loss under field conditions (Dhir et al., 1992). S. litura is predominantly a defoliator but also consumes the buds, flowers and pods of legumes (Krishnamurthy Rao et al., 1983).	Comment by Anonymous: The phrase “eastern section of the planet” should be revised to a more precise term such as “eastern regions of the world” or “Old World tropics.”	Comment by Anonymous: Yield loss range (26–100%) is very broad; authors may briefly indicate the conditions or crops under which maximum losses occur.
In recent years, diamides has gained popularity due to its notable characteristics such as high efficacy against target pests, quick onset of action and favourable safety profile. These attributes have led to widespread adoption for crop pest management, particularly when dealing with caterpillar larvae (Sattelle et al., 2008; Ebbinghaus- Kintscher et al., 2007). However, the frequent and repeated application of these insecticides has led to several issues including reduced effectiveness in controlling pests and the rapid emergence of resistance in natural populations. Notable examples of this resistance evolution can be seen in various field populations including Plutella xylostella (Linnaeus) (Troczka et al., 2012), Spodoptera exigua (Che et al., 2013; Huang et al., 2021), Adoxophyes honmai (Uchiyama and Ozawa, 2014), Tuta absoluta (Roditakis et al., 2015) and Chilo suppressalis (Yao et al., 2017).	Comment by Anonymous: The sentence “diamides has gained popularity” should be grammatically corrected to “diamides have gained popularity.”
Inclusion of S. litura-specific reports on diamide resistance, if available, would further strengthen the background.
In order to evaluate the mechanism of resistance in S. litura and other Spodoptera spp., biochemical investigations have been carried out (Yu and McCord, 2007). In natural and regulated habitats, insects have developed a diversity of physiological and behavioural responses to different toxins (Li et al., 2007). Three major physiological processes associated with insecticide resistance includes increased detoxification, lower penetration and target site insensitivity. In most of the situation’s, decreased penetration has little impact. The detoxification is increased by several enzymes such as glutathione-S-transferase (GST), esterase and cytochrome P450 monooxygenase (also known as MFO) (Ishaaya, 1993). 	Comment by Anonymous: Minor grammatical issues are present (e.g., “includes” should be “include”; “situation’s” should be “situations”).
The statement that decreased penetration has “little impact” should be supported by a citation or rephrased cautiously.
The transition from general resistance mechanisms to the study objective could be made clearer.


2. material and methods 

Test insect
Tobacco caterpillar, Spodoptera litura (Fabricius)
Collection of susceptible strain of S. litura 
The initial susceptible population of S. litura larvae which were reared under laboratory conditions without exposure to any insecticide for about six generations were obtained from Entomology laboratory of ICRISAT, Patancheru, Hyderabad. The collected population was further reared for four more generations on artificial diet in the laboratory of Department of Entomology, College of Agriculture, Rajendranagar, Hyderabad. The third instar larvae of F10 generation population were then used for bioassay studies. 	Comment by Anonymous: The use of F10 generation larvae for bioassay is acceptable; however, justification for choosing the third instar should be briefly stated.
 Collection of S. litura population from vegetable crop ecosystem of Rangareddy district 
Two major vegetables cultivated mandals viz., Maheshwaram and Chevella were selected and field population of S. litura were collected from the vegetable crop ecosystem of these mandals during Kharif, 2022. The field collected populations were brought to laboratory and both these populations were reared separately on artificial diet and maintained at 25±2°C temperature and 75±5% relative humidity. The third instar larvae of F1 generation were used for bioassay studies.	Comment by Anonymous: Selection of Maheshwaram and Chevella mandals is relevant; however, the criteria for their selection (e.g., pesticide usage history) should be mentioned.	Comment by Anonymous: Rearing conditions are adequately described, but the duration between field collection and bioassay initiation should be clarified.
Determination of quantitative changes in enzymatic titer that offers resistance against flubendamide in S. litura population collected from vegetable crop ecosystem of Rangareddy district
In susceptible and field populations, the activities of the enzymes cytochrome P450 monooxygenase/mixed function oxidase (MFO), glutathione S-transferase (GST) and esterase were measured in accordance with established techniques.
Newly hatched neonate larvae of F1 generation field collected population of Chevella and Maheshwaram mandals that were reared on artificial diet under laboratory conditions were used for the experiment. The larvae were fed with fresh untreated castor leaves separately for each population until they attained third instar stage. Once they entered third instar, fifty larvae were reared individually in petri plates containing leaf disc treated with median lethal concentration (LC50) of 0.019680 and 0.019065 were obtained during preliminary studies for the Chevella and Maheshwaram population. After 24 hours of feeding on treated leaves, the larvae that were survived were picked up and used for estimating the enzymatic titre. Similarly, the untreated susceptible larval population that were fed with fresh untreated castor leaves served as control. Few random healthy larvae were picked up for estimating the enzyme titre from the control petri plates on the same time when the insecticide treated and survived larvae were picked.	Comment by Anonymous: LC₅₀ values are presented; however, the insecticide name (flubendamide) should be clearly reintroduced here for continuity.	Comment by Anonymous: The rationale for using only survivors should be explicitly stated.
Estimation of esterase and glutathione S-transferase (GST) activity in S. litura strains
Ten third instar larvae of S. litura from Chevella, Maheshwaram and susceptible populations were used to estimate the detoxification enzymes associated with resistance.
Enzyme stock preparation
Larvae representing each treatment were rinsed with acetone to remove surface residues and weighed. Whole larval homogenate was prepared by grinding uniformly weighed third instar larvae of S. litura using homogenization buffer (100 mM phosphate buffer, pH 7.0 containing 1 mM EDTA, 1 mM PTU, 1 mM PMSF and 20% glycerol). The homogenate was centrifuged at 15,000 rpm for 10 min at 4oC. The supernatant was collected and centrifuged again at 15,000 rpm for 20 min at 4o C (Kranthi 2005). The crystal-clear supernatant was collected and stored at -20o C and used as a source for estimation of esterase and glutathione-S-transferase enzymes.
Estimation of esterase activity	Comment by Anonymous: The unit expression of enzyme activity is appropriate; however, the method for protein estimation is missing and should be included.
Esterase activity was measured by the method described by Kranthi (2005). The sample was prepared by taking 50 μl of enzyme stock solution and 200 μl of a mixed solution comprising 10 mM 1-naphthyl acetate solution and 4 mM fast blue RR salt in eppendorf tubes and the solution was incubated at room temperature for 20 minutes under dark with intermittent shaking. Control blank was prepared by adding phosphate buffer and substrate solution. A drop of sample was pipetted out and placed on the pedestal of nano spectrophotometer and absorbance was recorded.
Observations recorded
The absorbance of the sample was recorded at 450 nm at 25 seconds interval for 10 min at 27o C. The esterase activity was expressed in terms of μ moles of α- naphthyl acetate formed min-1 mg-1 of protein.
Estimation of glutathione S-transferase (GST) activity	Comment by Anonymous: As with esterase, details of protein quantification are lacking and must be added.
Glutathione S-transferase activity was measured using the procedure given by Kranthi (2005). Enzyme assay mixture was prepared by adding 10 μl of enzyme stock, 50 μl of 50 mM 2,4-dinitrochlorobenzene (DNCB) and 150 μl of 50 mM reduced glutathione and 2.77 ml phosphate buffer containing 1 mM EDTA and 1 mM PTU. The resulting mixture was taken into eppendorf tubes and incubated at 20°C for 2-3 min after gentle shake. Control blank was prepared by adding phosphate buffer and substrate solution. A drop of sample was pipetted out and placed on the pedestal of nano spectrophotometer and absorbance was recorded.
Observations recorded
The absorbance of the sample was recorded at 340 nm at 25 seconds interval for five minutes. The activity of glutathione S-transferase was expressed in terms of μ mol of DNCB conjugated/min/mg of enzyme protein.
Estimation of Cytochrome P450/MFO activity in S. litura strains
Enzyme stock preparation
The enzyme stock was prepared from larval midgut. Ten third instar larvae of S. litura were used from each population viz., Chevella, Maheshwaram and susceptible populations. Midguts were dissected using dissection buffer (Phosphate buffer saline) and placed immediately into homogenization buffer (0.1 M sodium phosphate buffer, pH 7.8, including 1 mM EDTA, 1 mM DTT, 1 mM PTU and 1 mM PMSF). The homogenate was centrifuged at 15,000 rpm for 10 min at 4oC, then the supernatant was collected and centrifuged again at 15,000 rpm for 20 min at 4o C. The crystal-clear supernatant was collected and used as a source of enzymes to measure cytochrome P450 activity (Hansen and Hodgson, 1971).	Comment by Anonymous: Consistency in temperature units (°C formatting) should be maintained throughout the manuscript.
Enzyme assay
Cytochrome P450 associated monooxygenase was estimated by method as described by Omura and Sato (1964) and Kranthi (2005). Enzyme assay mixture was prepared by adding 100 μl of p-NA (2 mM) and 90 μl of enzyme stock solution into an eppendorf tube and incubated at room temperature for 2-3 minutes. Then, 10 μl of 9.6 mM NADPH was added to the mixture before the initiation of reaction. Control blank was prepared by adding phosphate buffer and substrate solution. A drop of sample was pipetted out and placed on the pedestal of nano spectrophotometer and absorbance was recorded.
Observations recorded
The absorbance of the sample was recorded at 405 nm at 25 seconds interval for 10 minutes at 27oC and expressed in terms of μ moles of p- nitro-anisole formed min-1 mg-1 of protein.
Statistical analysis: The activity of MFO, GST and esterase was subjected to analysis of variance (ANOVA) followed by t-test at 5 per cent level of significant using SPSS statistical software.	Comment by Anonymous: The manuscript should clarify whether data normality was tested prior to ANOVA.
The number of replications used for statistical analysis should be explicitly stated.
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Fig.1 Enzyme assay

3. results and discussion
The quantity of insecticide detoxifying enzymes viz., mixed function oxidases (MFOs), esterases and glutathione S-transferase (GST) in both susceptible and resistant field populations of third instar larvae of S. litura treated with flubendamide at their median lethal concentration (LC50) of 0.019680 and 0.019065 in Chevella and Maheshwaram populations.	Comment by Anonymous: The opening sentence outlines the scope of the results; however, it is incomplete and grammatically weak and should be rephrased for clarity.
LC₅₀ values are mentioned again; a brief reference to the earlier section would improve flow and avoid redundancy.

Effect of flubendamide application on detoxifying enzymatic activity in susceptible and resistant populations of third instar larvae of S. litura 
The results pertaining to activity of MFO, esterase and GST in third instar larvae of S. litura from two different locations viz., Chevella and Maheshwaram mandals as well as susceptible population after 24 hours of exposure to LC50 of flubendamide. The results revealed that significant higher MFO activity was recorded in F1 generation third instar larvae of S. litura from Chevella (0.130 ± 0.006 μ moles min-1 mg-1 of protein) and Maheshwaram (0.129 ± 0.006 μ moles min-1 mg-1 of protein) to flubendamide than susceptible population with 0.047 ± 0.003 μ moles min-1 mg-1 of protein. The MFO activities were 2.79 and 2.76 times higher in Chevella and Maheshwaram populations than that of the susceptible population. S. litura population from Chevella showed significant greater esterase activity (0.21 ± 0.006 μ moles min-1 mg-1 of protein) followed by Maheshwaram (0.21 ± 0.003 μ moles min-1 mg-1 of protein) to flubendamide and these two field populations were significantly on par with each other. Significant lowest esterase activity was recorded in susceptible population (0.19 ± 0.006 μ moles min-1 mg-1 of protein). The ratio of esterase activity was only 1.11 and 1.05 times higher in Chevella and Maheshwaram population compared to susceptible population. The activity of GST was significantly higher in Chevella population (1.42 ± 0.040 μ moles min-1 mg-1 of protein) followed by Maheshwaram population (1.40 ± 0.040 μ moles min-1 mg-1 of protein) when treated with flubendamide. Whereas, susceptible population showed significantly lowest GST activity of 1.00 ± 0.029 μ moles min-1 mg-1 of protein. S. litura larvae from Chevella and Maheshwaram recorded 1.42 and1.40 times higher GST activity than the susceptible population. In the present study an increase in detoxification enzyme activity of MFO, esterase and GST was observed in flubendamide treated F1 generation third instar larvae of S. litura from Chevella and Maheshwaram as compared to susceptible population. However, order of activity of enzymes was found to be MFO>GST>Esterase. The activity of MFO was 2.79 and 2.76 times higher in Chevella and Maheshwaram populations over susceptible population, respectively suggesting that elevated levels of MFOs as the possible major mechanism attributed to tolerance of field populations of S. litura against flubendamide. Whereas, lowest enzymatic ratios were observed for the GST (1.40 and 1.42 times) and esterase (1.05 and 1.11 times) in Maheshwaram and Chevella population compared to susceptible population. Comparatively lower increase in the levels of esterases and GSTs suggest little contribution of these enzymes in imparting resistance against flubendamide.

Table no. 1. Effect of flubendamide application on detoxifying enzymatic activity in susceptible and resistant populations of third instar larvae of S. litura
	Population
	MFO1
	Esterase2
	GST3

	
	Enzyme activity
	Enzyme ratio
	Enzyme activity
	Enzyme ratio
	Enzyme activity
	Enzyme ratio

	Susceptible population
	0.047 ± 0.003b
	1.00
	0.19 ± 0.006b
	1.00
	1.00 ± 0.029b
	1.00

	Chevella population
	0.130 ± 0.006a
	2.79
	0.21 ± 0.006a
	1.11
	1.42 ± 0.040a
	1.42

	Maheshwaram population
	0.129 ± 0.006a
	2.76
	0.21 ± 0.003a
	1.05
	1.40 ± 0.040a
	1.40

	CD (P=0.05)
	0.018
	
	0.018
	
	0.128
	


*Enzyme ratio= enzyme activity of field population/ enzyme activity of susceptible population 
*MFO- Mixed Functional Oxidases, GST- Glutathione- S- Transferase 
1μmoles of p- nitroanisole formed min-1 mg-1 of protein 
2μmoles of α- naphthyl acetate formed min-1 mg-1 of protein 
3μmoles of 2, 4- dinitro chloro benzene conjugated min-1 mg-1 of protein

Correlation between enzyme activity and resistance ratios of selected flubendamide against field populations of S. litura
The results revealed that flubendamide resistance in S. litura population from Chevella and Maheshwaram showed significant strong positive correlation with MFO with highest coefficient of determination values of R2 = 0.97 and 0.97, respectively in Chevella and Maheshwaram populations was found to contribute significantly in breakdown of the molecule. GST with slightly less coefficient of determination values (R2 = 0.94 and 0.94, respectively) also contributed for metabolism of flubendamide while esterase with relatively low coefficient of determination values (R2 = 0.96 and 0.75, respectively) contributed least in detoxifying flubendamide in Chevella and Maheshwaram population, respectively.	Comment by Anonymous: There is some inconsistency in interpretation: esterase shows relatively high R² (0.96) in Chevella but is still described as contributing least—this should be clarified.	Comment by Anonymous: Should be rephrased as “associated with detoxification” unless metabolic studies confirm breakdown.
Table no.2. Correlation between enzyme activity and resistance ratios of flubendamide against field populations of S. litura
	Populations
	Enzymes
	Flubendamide

	
	
	r
	R2

	Chevella population
	MFO
	0.98**
	0.97

	
	Esterase
	0.98**
	0.96

	
	GST
	0.97*
	0.94

	Maheshwaram population
	MFO
	0.98**
	0.97

	
	Esterase
	0.86*
	0.75

	
	GST
	0.97**
	0.94


r is correlation coefficient, R2 is coefficient of determination
*Significant at 5% level
**Significant at 1% level
The present investigation revealed that there exists a strong correlation between resistance ratios and activities of MFO, GST and esterase, indicating that these enzymes are involved in development of resistance against chlorantraniliprole and flubendamide in F1 generation third instar larvae of S. litura from Chevella and Maheshwaram. Coefficient of determination (R2) further clearly established that among the three different enzymes, MFO and GST majorly contributed in imparting metabolic resistance against insecticides followed by esterases. Enzymes, like carboxylesterase (CarE), glutathione S-tranferases (GST) and cytochrome P450 are the major metabolic enzymes that are involved in pesticide detoxification in insect systems (Heimngway, 1983). 
These findings were in accordance with those of Naresh Kumar et al. (2017) who reported that cytochrome P450, general esterase, AChE and antioxidant enzymes (catalase and superoxide dismutase) exhibited a dose-dependent increasing trend in flubendamide treated population of H. armigera. It was reported that P. xylostella strain that is resistant to chlorantraniliprole showed cross-resistance to flubendiamide and had 4.26 times more cytochrome P450 activity than the susceptible strain with no differences in the levels of GST and esterase (Liu et al., 2015).
4. Conclusion	Comment by Anonymous: The conclusion could be strengthened by briefly restating the dominant role of MFOs as the main takeaway.
Avoid introducing new concepts in the conclusion; all statements should clearly arise from presented results.

Overall, the findings highlight the potential risk of resistance development in S. litura due to the continued and indiscriminate use of flubendamide in vegetable ecosystems. Understanding the enzymatic basis of resistance provides valuable insights for designing effective insecticide resistance management (IRM) strategies, such as rotation of insecticides with different modes of action, judicious use of diamides and integration of non-chemical control measures. Adoption of such strategies will be crucial for sustaining the efficacy of flubendamide and achieving long-term, sustainable pest management in vegetable crops.
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