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Indoxacarb, a promising new generation insecticide, is gaining popularity among vegetable growers in West Bengal, India, for controlling a large number of insects. However, it may simultaneously also increase the risk of contamination in the edible portions of the vegetables. This study was planned to analyze the persistence behavior of indoxacarb in cabbages, tomatoes, and soil. Moreover, indoxacarb residue contents were estimated to assess both the dietary and soil ecological risks associated with the application of the same. The experimental location was important because West Bengal is the leading vegetables producing state in India. Indoxacarb was found to dissipate quickly with a half-life ranging between 1.55 and 2.76 days, irrespective of the vegetable, dose, and season, and the safe waiting period was very less. The findings indicate that both vegetables can be safely consumed 1 day after the final spray. However, the risk to soil algae is predicted to be unacceptably high, which needs to be studied extensively.
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INTRODUCTION

Vegetables are one of the most important ingredients in our daily diet because they serve as good sources of vitamins, minerals, amino acids, and fiber. It is recommended that we need to consume an average of 120–140 g of vegetables daily for maintaining good health (1). Two important vegetables, namely cabbages and tomatoes, were chosen for this study for two main reasons: (i) the intensive application of insecticide as a result of heavy insect-pest pressure on these crops, and (ii) both vegetables are consumed raw in salads as well as cooked.

Cabbage (Brassica oleracea L. var. capitata) is an important cruciferous vegetable grown throughout the world. Globally, India ranks second in vegetable production. The crop covers an area of around 4.07 million hectares, with a total production of around 89.7 million tons annually. West Bengal is the highest cabbage-producing state in India, contributing around 28.2% to the total production of the country (2). Cabbage is a good source of β-carotene, carbohydrates, and fibers, and it is also rich in several minerals and vitamins like A, B1, B2, and C (3). This vegetable contains an indole group of substances which can prevent stomach and colon cancer in humans (4). In India, about 20–70% yield losses occur with cabbage as a result of lepidopteran insect infestations (5). Among the lepidopteran insect pests such as Plutella xylostella Linnaeus, Pieris brassicae Linnaeus, Thysanoplusia orichalcea Fabricius, and Spodoptera litura are the most important.

Tomatoes (Lycopersicon esculentum Mill.) are another important vegetable cultivated in India. The crop covers almost double the area of cabbage crops, at around 8.09 million hectares, with a total production of approximately 196.9 million tons annually (2). Tomatoes contain high amounts of nutrient minerals, carbohydrates, proteins, and vitamins, mainly vitamin C. They are also a very good source of lycopene, which can play an important role in reducing cardiovascular diseases and cancer (6). Tomatoes are very susceptible to infestation by insects such as Helicoverpa armigera, Bemisia tabaci, Spodoptera litura, and Liriomyza trifolii, which cause huge crop damage in the field (7). It was reported that 25–70% yield losses with tomatoes happen as a result of infestation by fruit borers alone in India (5).

In modern agricultural farming practices, pesticides are essential for protecting crops from diseases and insect-pest infestations. Among the new generation insecticides, indoxacarb ((S)-methyl 7-chloro-2,5-dihydro-2-{[(methoxycarbonyl)[4-(trifluoromethoxy)phenyl]amino]carbonyl}indeno[1,2-e] (1, 3, 4) oxadiazine-4a(3H)-carboxylate [C22H17ClF3N3O7)] (Figure 1) is one that is highly effective against lepidopteran insect pests (8, 9). It is in the oxadiazine group of insecticides and has broad-spectrum activity.
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FIGURE 1. Chemical structure of Indoxacarb.


Indoxacarb has been used to control lepidopteran insect pests on edible fruits, vegetables, and fiber crops like cotton (10, 11) especially fruit borers and leaf folders on chillies (12), fruit borers on tomatoes (13), diamondback moths (14, 15), and cabbage loopers (9). It blocks the sodium channel in insect neurons (16) and is categorized as a reduced risk insecticide by the United States Environmental Protection Agency (USEPA) (17). It has slight side effects on non-target insects (18, 19) and is comparatively safe for most predators and immature wasp parasites (20, 21). However, the wet residues of indoxacarb can be toxic to honey bees and adult wasp parasites.

The dissipation pattern of indoxacarb has been studied in cabbages (22), cucumbers, tomatoes, apples, pears and soil (23), cauliflowers (24), brinjal (also known as aubergine or eggplant) (25), and okra (26) in different regions. As indoxacarb is extensively used in different crops, the safety parameters for the consumption of raw vegetables treated with this insecticide need to be examined. This study aims to generate meaningful information about the persistence of indoxacarb residues in both vegetables and soil. We assess the safety risk for human beings pertaining to the consumption of these vegetables and for the soil habitats as well. A simple, robust, and precise analytical method is developed and validated based on standard protocols and may be followed in the future for further investigations. The experimental location is situated in West Bengal (Eastern India), which is the leading state for vegetable production (27) and contributes 15% to the total national vegetable production (2). However, information regarding the residual behavior of indoxacarb under agro-climatic conditions of West Bengal-India is not available yet. Therefore, this study is focused on the persistence and dissipation behavior of indoxacarb residues in/on cabbages and tomatoes, with a dietary safety assessment.



MATERIALS AND METHODS


Chemicals and Reagents

A reference standard of analytical-grade indoxacarb (99.8%) was supplied by Gharda Chemicals Limited, India. Indoxacarb 14.5% SC formulation was obtained from Devidayal Agro Chemicals, India. All solvents and reagents were of analytical grade. All solvents utilized in the experiment were glass distilled before use. The reagents, namely anhydrous sodium sulfate, neutral alumina, and sodium chloride, were activated prior to use and kept in desiccators.



Preparation of Standard Solutions

A stock solution (1,000 μg ml−1) of the indoxacarb analytical standard was made by accurately weighing 10 mg (±0.01 mg, purity 99.8%) into a certified ‘A' class volumetric flask and dissolving it in 10 ml of ethyl acetate; the solution was stored in a refrigerator at 4°C. A working standard mixture of 100 μg ml−1 was made by diluting the stock solution ten times. Calibration standards ranging between 0.01 and 1.0 μg ml−1were made by serial dilutions with ethyl acetate.



Field Experiments

Field experiments were carried out at the Research Farm of Bidhan Chandra Krishi Viswavidyalaya, Kalyani, Nadia, West Bengal, India, to study the dissipation behavior and estimate the indoxacarb residues in cabbages, tomatoes, and soil. The experimental site was located at an altitude of 11 m, the latitude of 22.99°N and longitude of 88.43°E. Cabbage (cv. Rareball) and tomato (cv. Nidhi) crops were grown for two consecutive seasons by following good agricultural practices (GAP). Indoxacarb was applied at the recommended dose (T1: 75 g a.i. ha−1) and double the recommended dose (T2: 150 g a.i. ha−1) in both crops. Indoxacarb was applied twice with an interval of 15 d, starting from the head-formation stage for cabbages and the fruiting stage for tomatoes, by using a knapsack sprayer. Untreated control plots (T3: water spray only) were maintained for both crops. Each experimental plot was 12 m2 (4 m × 3 m) in size, with three replications of each. The total rainfall amounts received during tomato cultivation were 113.00 mm in season I and none in season II, whereas the corresponding values during cabbage cultivation were 9.00 mm and 28.50 mm, respectively.



Sampling

About 4–5 marketable-size tomato fruits and 2–3 medium-size cabbage heads were sampled on days 0 (2 h), 1, 3, 5, 7, 10, and 14 after the final application of indoxacarb. The samples were taken from each plot separately in a random fashion. Soil samples were taken separately from each plot by using a tube auger at a depth of approximately 10–15 cm on the same days as plant sampling and at harvest. The soil samples from the different sites were pooled and sieved through a 2 mm mesh sieve, air-dried, and processed for further residual analysis. The texture and characteristics of the soil samples were sand 71.0%, silt 16.4%, clay 12.6%, organic carbon 0.65%, electrical conductivity 0.25 ds m−1, and pH 6.92. Samples were processed immediately after collection.



Extraction and Clean-Up of Cabbage, Tomato, and Soil Samples

Cabbage and tomato fruits were chopped into small pieces, and 50 g representative samples were drawn by the quartering method. Each sample was then kept in a 250 ml conical flask for 2 h with 100 ml of a mixture of distilled acetone and water (8:2, v/v). The sample was then homogenized in a homogenizer at 10,000 rpm for 5 min and transferred to a wide-mouthed conical flask. The sample was filtered through a Whatman No. 1 filter paper by using a Buchner funnel. The solid portion of the sample was poured back into the jar, and the extraction process was repeated twice (50 ml + 50 ml) with distilled acetone and water (8:2, v/v) each time. The combined filtrates were subjected to rotary vacuum evaporation at 40°C to completely remove the acetone. The concentrated extract was then transferred to a 500 ml separatory funnel. The evaporating flask was rinsed twice with dichloromethane (25 ml + 25 ml), and the organic solvent was added to the separatory funnel. After that, 100 ml of 10% aqueous NaCl was added to the extract, and the mixture was shaken vigorously for 20–30 s. After the layers separated, the organic phase was collected in a flask, and the process of partition was repeated twice (50 ml + 50 ml) with dichloromethane. The organic phases were then combined, the volume was reduced to dryness by using a rotary vacuum evaporator at 40°C and the residue was reconstituted in 5 ml of hexane.

The extract was cleaned by adsorption column chromatography with neutral alumina as the adsorbent. First, 10 g of neutral alumina was placed between two anhydrous Na2SO4 (2 g) layers by using 50 ml of distilled hexane as the packing solvent. The sample was loaded into the column, and the column was washed with a mixture of 10% acetone and hexane (50 ml). All of the eluents used so far were discarded, and the column was finally eluted with 100% acetone (100 ml). The final eluent was immediately concentrated to dryness by using a rotary vacuum evaporator at 40°C. The residue was reconstituted in 10 ml of ethyl acetate for gas chromatography (GC) analysis with electron-capture detection (ECD).

Soil samples from cabbage and tomato fields were brought to the laboratory for immediate processing, extraction, and clean-up. A total of 50 g of soil was placed in a 250 ml conical flask. A mixture of acetone and water (100 ml, 8:2, v/v) was then added, and the mixture was left for 2 h. The extraction and clean-up of soil samples were performed by following the same method as that used for plant samples (tomato and cabbage).



GC–ECD Estimation

Residues of indoxacarb in cabbage, tomato, and field soil were analyzed by using an Agilent 6890N gas chromatograph equipped with an electron-capture detector and Chemstation software. The instrument was equipped with an automatic sampler (G-2614A), and a wide-bore HP-5 column (internal diameter: 0.32 mm; length: 32 m) was installed in it. During analysis, the flow rate of 2 ml min−1, the film thickness of 0.25 μm, and a split ratio of 10:1 were maintained. Highly pure nitrogen gas was used as the carrier gas. The oven temperature was set to 180°C, held, and then increased up to 280°C at 10°C min−1 and held for 3 min. The injection temperature of 280°C, detector temperature of 300°C, and post-run temperature of 310°C for 5 min were maintained, and the injection volume was 2 μl.



Method Validation

The present analytical method was validated based on SANTE guidelines (28). Validations of different parameters were performed in cabbage, tomato, and soil matrices. Various validation parameters were included in the study, such as linearity, trueness (recovery), precision, sensitivity, specificity, and matrix effect. Six levels of indoxacarb matrix-matched standards, ranging between 0.01 and 0.30 μg ml−1, were injected into the instrument for obtaining peak areas. A calibration curve was constructed on this basis to judge the linearity of the method. Specificity was determined as the percentage of the average peak area of the blank sample relative to that of a blank sample with added indoxacarb standard, with six replications of each. Blank samples fortified with 0.03, 0.15, and 0.30 μg ml−1 concentrations of indoxacarb and replicated three times were processed as per the method to evaluate the recovery (trueness). The recovery efficiency (RE) was calculated by dividing the detected average residues by the respective spiked level and multiplying by 100. The relative standard deviation (RSD) values of each spiked replicate were considered for estimating the repeatability. The Horwitz ratio (HorRat) was calculated based on the following formula for evaluating the intra-laboratory precision (reproducibility) of the method (29, 30).

[image: image]

In which the predicted RSD (PRSD) equals 2C−0.15, and C represents the concentration expressed as a mass fraction (10 ng g−1 = 10 × 10−9).

Both of these values were a measure of the precision of the analytical method. The limit of detection (LOD) of the analyte was calculated by considering a signal-to-noise ratio of 3, whereas the corresponding value for the limit of quantification (LOQ) values calculated was 10. Both of these LOD and LOQ values were a measure of the sensitivity of the analytical method. The matrix effect (ME) of the method was determined by using the following formula to avoid erroneous reports (false positive/false negative).

ME (%) = [peak area of post-extraction spiking/peak area of the solvent standard] × 100 (31).

Another important parameter, known as process efficiency (PE), was also evaluated by using the following formula (31).

[image: image]
 

Dissipation of Indoxacarb

The dissipation of indoxacarb is subject to first-order kinetics (32), and the regression equation can be expressed by using the following formula.

[image: image]

In which Ct represents the residue content (μg g−1) at time t (d) after insecticide application, k denotes the dissipation rate constant and C0 represents the initial deposit content (μg g−1).

The residual half-life (RL50) in days was calculated based on the following equation.

[image: image]

In which K is the slope of the regression line.



Pre-harvest Interval (PHI)

The PHI can be defined as the minimum time interval (in days) required between the final application of pesticide and the harvest to allow the pesticide residues to fall below the maximum residue limit (MRL). It was calculated by using the following equation (27).

[image: image]

In which A is the amount of initial deposit (μg g−1) and K is the slope of the regression line. In India, the MRL values for indoxacarb are fixed as 0.50 and 3.0 μg g−1 in tomato and cabbage crops, respectively (33).



Safety Risk Assessment
 
Dietary Risk Assessment

The estimated daily intake (EDI) of indoxacarb through consumption of tomatoes and cabbages was measured by multiplying the residue content found in the vegetables by the recommended dietary consumption per day (34). The long-term dietary risk quotient (RQd) was determined by the following equation:

RQd= EDI/(ADI × average body weight),

In which ADI represents the acceptable daily intake.

The appropriate ADI value for indoxacarb is 0.006 mg kg−1 of body weight d−1 (35). The recommended daily vegetable consumption and average body weight of an Indian adult were considered to be 300 g (36) and 55 kg (37), respectively. If the RQd value is found to be greater than 1, there may be a considerable risk of indoxacarb toxicity. The EDI value was considered to be half of the LOQ in cases when indoxacarb was not detected in the sample (38). For assessment of acute toxicity, the residue content of indoxacarb was compared with the corresponding acute reference dose value, that is, 0.125 mg kg−1 body weight (35) multiplied by the average body weight.



Risk Assessment Pertaining to Soil Flora and Fauna

The risk quotient (RQs) values of indoxacarb pertaining to representative soil flora and fauna were determined by the process described in the Technical Guidance Document on Risk Assessment (39). In this study, acute 72 h EC50 (0.079 mg L−1) and acute 14 d LC50 (625 mg kg−1) values were considered for algae and earthworms, respectively. The predicted no-effect concentration (PNEC) values were derived by dividing the respective toxicity values by 1,000, that is, the assessment factor for this case. The RQs values were then calculated by using the following formula: RQs = EC/PNEC (40), in which EC stands for effective concentration of pesticide, that is, indoxacarb in soil for this case. The risk may be predicted to be low if the RQs value is found to be <1. If the value comes between 0.1 and 1.0, the risk may be predicted to be moderate. If the RQs value is found to be > 1, there may be an unacceptably high risk because of the presence of indoxacarb residues in the soil. The EC value was considered on behalf of the LOQ if indoxacarb is not detected in the sample (38).





RESULTS AND DISCUSSION


Method Validation

Indoxacarb residue GC peaks were detected at 5.60 ± 0.10 min in different substrates under set conditions with acceptable specificity. The indoxacarb residues were identified by comparing the retention time of the sample peak with that of the analytical standard. Chromatograms of the indoxacarb standard solution, cabbage sample, tomato sample, and field soil samples are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Chromatogram of (A) indoxacarb standard solution, (B) cabbage sample, (C) cabbage field soil sample, (D) tomato sample, and (E) tomato field soil sample.


The analytical method was found to be linear in the range between 0.01 and 0.30 μg ml−1 as the correlation coefficient was recorded as 0.9984 (Figure 3). The LOD and LOQ values were found to be 0.01 and 0.03 μg g−1, respectively, in each substrate. Therefore, the method was sensitive enough because the LOQ value is well below the MRL value of indoxacarb for both vegetables. Different method validation parameters were evaluated and are presented in Table 1. Recovery of the analyte from different substrates was found to be satisfactory because the RE and RSD values were in the acceptable ranges, i.e., 83.33–90.67% and ≤ 13.09%, respectively. The HorRat values of the different substrates were in the acceptable range of 0.5–2.0 (30). The matrix effects were also found to be acceptable because the values were well below 120% (28). The overall process efficiency was very encouraging, with values > 90%. Thus, the present method fulfills the criteria laid down in the SANTE guidelines and is fit for the analysis.


[image: Figure 3]
FIGURE 3. Calibration curve of indoxacarb.



Table 1. Results of method validation of indoxacarb.
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Dissipation Behavior of Indoxacarb in/on Tomatoes, Cabbages, and Soil

The results pertaining to the dissipation pattern of indoxacarb residues in/on the two vegetables and soil are presented in Table 2.


Table 2. The residue of indoxacarb in different substrates.

[image: Table 2]

The initial deposit of indoxacarb in cabbages was found to be slightly higher than that in tomatoes, irrespective of the dose and season, which may be the result of a larger exposure area (cabbage head). Residues dissipated quickly in both vegetables and were not detectable within 14 d of the final spray of insecticide applied at the recommended dose. The RL50 values of indoxacarb were in the range of 1.55–2.76 d, irrespective of the vegetable, dose, and season, which indicates that the compound is less persistent in the crop. In another experiment with cabbages, the compound showed a half-life of 2.88 d when applied at 52.2 g a.i. ha−1 and of 1.92 d at 104.4 g a.i. ha−1 (22). A similar result was reported with half-life values of 1.6–2.3 d in eggplant crops (41). In addition, the dissipation rate of indoxacarb was comparatively faster in seasons I and II for tomatoes and cabbages, respectively. This phenomenon may be attributed to the higher rainfall observed in the crop growing period of the respective seasons. For the soil of each season and the associated crops, the dissipation of indoxacarb followed almost the same pattern, with short half-life values ranging between 1.99 and 3.55 d. At harvest, indoxacarb residues were not detected in the soil samples, irrespective of the crop, dose, and season. The overall quick dissipation of the insecticide may be subject to various biotic (microorganisms) and abiotic factors (temperature, humidity, etc.) in the environment (42). The PHI of indoxacarb was found to be in the range of 1.37–4.76 d, irrespective of the dose and season. As the MRL value is mainly a concern for international trade, tomato fruits should be harvested after the mentioned interval. In the case of cabbage, the initial deposit was far enough below the prescribed MRL value for all samples in seasons I and II, so the PHI was not determined. These results are supported by the findings of another research group (22).



Safety Assessment

The risk quotient values were calculated and are presented in Table 3.


Table 3. Dietary and soil ecological risk assessment of indoxacarb in tomato, cabbage, and soil.

[image: Table 3]


Dietary Risk Assessment

In the case of tomato crops, the RQd value for assessing chronic toxicity was below 1 on day 0 of indoxacarb application (at the recommended dose) in both seasons. For double the recommended dose, the corresponding value fell below 1 on days 1 and 3 for seasons I and II, respectively. In cabbage, the same risk quotient value was below 1 on day 3 for both doses and seasons. As far as acute toxicity is concerned, the RQd value was well below 1 from day 0 onwards, irrespective of the vegetable, dose, and season. Overall, both vegetables may be safely consumed 1 day after indoxacarb application at the recommended dose.



Risk Assessment Pertaining to Soil Flora and Fauna

The RQs values for earthworms were found to be in the low-risk range on the last day of sampling for both vegetables, except for tomatoes in season II at double the recommended dose. However, for algae, all of the values were in the high-risk range. There may therefore be an unacceptably high risk for algae if indoxacarb is applied at the recommended dose; this finding needs to be investigated further.





CONCLUSIONS

A very simple and robust method has been developed to analyse indoxacarb residues in plant and soil samples with acceptable accuracy and precision. The study was important because the experimental location is situated in the leading vegetable-producing state of the country. The results indicate that indoxacarb dissipated quickly in tomatoes, cabbages, and soil, leaving very small amounts of residue in each substrate. The harvested tomatoes and cabbages may safely be consumed 1 day after the final application of the insecticide at the recommended dose. However, to meet the conditions of GAP, a PHI of 3 days should be maintained for tomatoes treated with the insecticide at the recommended dose. Furthermore, the effect of indoxacarb on algae needs to be determined because a high risk is predicted by this study.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

SP, AD, RR, SC, SR, TM, AS, and PG: conceptualization, methodology, validation, investigation, writing—original draft preparation, visualization, and supervision. SP, AD, RR, and PG: software and formal analysis. AD, SC, and AH: resources. SP, PG, AD, RR, and AH: data curation. AMA, AG, MS, MB, and AH: writing—reviewing and editing. AMA, AG, and AH: project administration and funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by Bidhan Chandra Krishi Viswavidyalaya (BCKV), Mohanpur, West Bengal, India. The research programme was also partially supported by the Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R65), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.



ACKNOWLEDGMENTS

We are thankful to Bidhan Chandra Krishi Viswavidyalaya (BCKV), Mohanpur, West Bengal, India, for giving the opportunity to work in the Export Testing La-boratory (ETL), Department of Agricultural chemicals for this study. We are also grateful to the Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R65), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia for partially funding the study.



ABBREVIATIONS

USA, United States of America; USEPA, United States Environmental Protection Agency; SC, Suspension concentrate; RPM, Revolutions per minute; NCAL, Sodium chloride; Na2SO4, Sodium sulfate; GC, Gas chromatography; ECD, Electron capture detector; SANTE; RE, Recovery efficiency; RSD, Relative standard deviation; PRSD, Predicted relative standard deviation; Hor, Horwitz ratio; LOD, Limit of detection; LOQ, Limit of quantification; ME, Matrix effect; PE, Process efficiency; PHI, Preharvest interval; MRL, Maximum residue limit; EDI, Estimated daily intake; RQd, Risk quotient; ADI, Acceptable daily intake; EU, European Union; EC, Effect concentration; PNEC, Predicted no effect concentration; GAP, Good agricultural practices.



REFERENCES

 1. Sachdeva S, Sachdev TR. Sachdeva increasing fruit r, vegetable consumption: challenges opportunities. Indian J Community Med. (2013) 38:192–7. doi: 10.4103/0970-0218.120146

 2. Anonymous. Horticultural Statistics at a Glance. Horticulture Statistics Division, Department of Agriculture, Cooperation and Farmers Welfare, Government of India, (2017). Available online at: www.agricoop.nic.in (accessed October December 25, 2021). 

 3. Anonymous. US Department of Agriculture, National Nutrient Database for Standard Reference, Version SR-27. USDA Database Table for Raw Cabbage per 100 g. (2014). Washington, DC: U.S. Department of Agriculture, Independence Ave. 

 4. Tse G, Eslick GD. Cruciferous vegetables and risk of colorectal neoplasms: a systematic review and meta-analysis. Nutr Cancer. (2014) 66:128–39. doi: 10.1080/01635581.2014.852686

 5. Rai AB, Halder J, Kodandaram MH. Emerging insect pest problems in vegetable crops and their management in india: an appraisal. Pest Manag Horticul Ecos. (2014) 20:113–22. 

 6. Burton-Freeman B, Sesso HD. Whole food versus supplement: comparing the clinical evidence of tomato intake and lycopene supplementation on cardiovascular risk factors. Adv Nutr. (2014) 5:457–85. doi: 10.3945/an.114.005231

 7. Gupta S, Gajbhiye VT, Sharma RK, Gupta RK. Dissipation of cypermethrin, chlorpyriphos, and profenofos in tomato fruits and soil following application of pre-mix formulations. Environ Monit Assess. (2011) 174:337–45. doi: 10.1007/s10661-010-1461-0

 8. Mahmoudvand M, Abbasipour H. Garjan AS. Sublethal effects of indoxacarb on the diamondback moth, plutellaxylostella (L) (Lepidoptera: yponomeutidae). appl Entomol Zool. (2011) 46:75–80. doi: 10.1007/s13355-010-0010-1 

 9. Liu TX., Sparks AN. Jr, Chen W, Liang GM, Brister C. Toxicity, persistence and efficacy of indoxacarb on cabbage looper (Lepidoptera: noctuidae) on cabbage. J Econ Entomol. (2002) 92:360–7. doi: 10.1603/0022-0493-95.2.360

 10. Allen CT, Kharboutli MS, Capp C. Jr, Eearnest L. StewardTM: new insecticides for the new millennium special report 193 Arkansas Agricultural experiment Station. Fayetteville: University of Arkansas. (1999). p. 56–64. 

 11. Liu TX., Sparks AN. Jr. Efficacies of some selected insecticides on diamondback moth and diamondback moth on cabbage in South Texas. Subtrop Plant Sci. (1999) 51:54–8. 

 12. Singh V, Thakur BS, Chandraker MK. Bio-efficacay of insecticides against insect pests of chilli. Environ Ecol. (2005)23S:600–4. 

 13. Singh S, Choudhary DP, Mathure YS. Efficacy of some newer insecticides against fruit borer, helicoverpa armigera (Hubner) on tomato. Indian J Entomol. (2005) 67:339–41. 

 14. Murthy MS, Jagdish PS. Sannaveerappananvar VT. Efficacy of plant products and new insecticides against diamondback moth, plutellaxylostella (L) (Yponomeutidae: lepidoptera) on cabbage. J Pl Protec Environ. (2006) 392:1–5. 

 15. Gill CK, Kaur S, Joia BS. Efficacy of new insecticides for the management of diamondback moth, plutella xylostella (Linnaeus) on cauliflower and cabbage. J Insect Sci. (2008) 21:171–7. 

 16. Lahm GP, McCann SF, Harrison CR, Stevenson TM, Shapiro R. Evolution of the sodium channel blocking insecticides: the discovery of indoxacarb. Agrochemical discovery, Chap. (2000) 3. 20–34. doi: 10.1021/bk-2001-0774.ch003 

 17. Anonymous Avaunt TM. Insect Control Agent. Technical Bulletin H-79164. Wilmington: Du Pont (1998) 

 18. Harder HH, Riley SL, MacCann SS, Irving SN. “DPX-MPO62: a noval broad spectrum, environmen-tally soft, insect control compound,” In: Proceedings of the (1996) Brighton Crop Protection Conference. Brighton (1996). 

 19. Michand JP, Grant AK. IPM-Compatibility of foliar insecticides for citrus: indices derived from toxicity to beneficial insects from four orders. J Insect Sci. (2003) 16:3–18. doi: 10.1673/031.003.1801

 20. Hewa-Kapuge S, McDougall S, Hoffman AA. Effects of methoxyfenozide, indoxacarb, and other insecticides on the beneficial egg parasitoid trichograma near brassicae (Hymenoptera: trichogrammatidae) under laboratory and field conditions. J Econ Entomol. (2003) 96:1083–90. doi: 10.1093/jee/96.4.1083

 21. Studebaker GE, Kring TJ. Effects of insecticides on oriusinsidiosusHemiptera: anthocoridae, measured by field, greenhouse and petri dish bioassays. Florida Entomol. (2003) 86:179–85. doi: 10.1653/0015-4040(2003)086[0178:EOIOOI]2.0.CO;2 

 22. Urvashi GJ, Sahoo SK, Sarabjit K, Battu RS, Singh B. Estimation of indoxacarb residues by quECHERS technique and its degradation pattern in cabbage. Bull Environ ContamToxicol. (2012) 88:372–6. doi: 10.1007/s00128-011-0468-8

 23. Cheng L, Dong FS, Liu X, Chen W, Li Y, Zheng Y, et al. Determination of indoxacarb enantiomer residues in vegetables, fruits, and soil by high-performance liquid chromatography. J AOAC Int. (2010) 93:1007–12. doi: 10.1093/jaoac/93.3.1007

 24. Yoon JY, Park1 JH, Moon HR, Han GT, Lee KS. Residue patterns of indoxacarb and pyridalyl in treated cauliflower. Agri Sci. (2013) 4:111–6. doi: 10.4236/as.2013.43017 

 25. Saimandir J, Gopal M. Application of indoxacarb for managing shoot fruit borer of eggplant (Solanumm elongena l.) its decontamination. J Environ Sci Heal B. (2009)44:292–301. doi: 10.1080/03601230902728443

 26. Gupta S, Sharma RK, Gupta RK, Sinha SR, Singh R, Gajbhiye VT. Persistence of new insecticides and their efficacy against insect pests of okra. Bull Environ Contam.Toxicol. (2009) 82, 243–7. doi: 10.1007/s00128-008-9581-8

 27. Patra S, Ganguly P, Barik SR. Samanta, Dissipation kinetics A, and risk assessment of chlorfenapyr on tomato and cabbage. Environ Monit Assess. (2018) 190:71. doi: 10.1007/s10661-017-6457-6

 28. Sante. Guidance Document on Analytical Quality Control and Method Validation Procedures for Pesticide Residues Analysis in Food and Feed. (2017) p. 587. Available online at: https://ec.europa.eu/food/system/files/2021-02/pesticides_mrl_guidelines_2020-12830.pdf (accessed November20, 2021). 

 29. Horwitz W, Albert R. The horwitz ratio (HorRat): a useful index of method performance with respect to precision. J AOAC Int. (2006) 89:1095–109. doi: 10.1093/jaoac/89.4.1095

 30. Horwitz W, Kamps LR, Boyer KW. Quality assurance in the analysis of foods and trace constituents. J AOAC Int. (1980) 63:1344–54. doi: 10.1093/jaoac/63.6.1344

 31. Kruve A, Künnapas A, Herodes K, Leito I. Matrix effects in pesticide multi-residue analysis by liquid chromatography–mass spectrometry. J Chromatogr A. (2008) 1187:58–66. doi: 10.1016/j.chroma.2008.01.077

 32. Ganguly P, Barik SR, Patra S, Roy S, Bhattacharyya A. Persistence of chlorfluazuron in cabbage under different agro-climatic conditions of india and its risk assessment. Environ ToxicolChem. (2017) 36:3028–33. doi: 10.1002/etc.3872

 33. FSSAI. Food Safety and Standards Authority of India. Ministry of Health and Family Welfare. (2018). Available online at: https://archive.fssai.gov.in/home/fss-legislation/notifications/gazette-notification.html (accessed July 16, 2020) 

 34. Patra S, Ganguly P, Barik SR, Goon A, Mandal J., Samanta, et al. Persistence behaviour and safety risk evaluation of pyridalyl in tomato and cabbage. Food Chem. (2020) 309:125711. doi: 10.1016/j.foodchem.2019.125711

 35. EU – Pesticide Database. Review Report for the active substance indoxacarb, SANCO/12072/2013. (2013). Available online at: https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?event=activesubstance.detail&language=EN&selectedID=1477 (accessed July 17, 2020). 

 36. Krishnaswamy K. Dietary Guidelines for Indians—A Manual (2nd ed.) Hyderabad, India: National Institute of Nutrition, Indian Council of Medical Research. (2011) Available online at: https://www.nin.res.in/downloads/DietaryGuidelinesforNINwebsite.pdf (accessed July. 17, 2020). 

 37. Mukherjee I, Gopal Environmental behavior M and translocation of Imidacloprid in eggplant cabbage and mustard. Pest Manag Sci. (2000) 56:932–6. doi: 10.1002/1526-4998(200010)56:10&lt;932::AID-PS210&gt;3.0.CO;2-P 

 38. USEPA. United States Environmental Protection Agency Office of PesticidePrograms, Washington. Information on Assessing Exposure from Pesticides in Food-AUser's Guide. (2000). Available online at: https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB2005102087.xhtml (accessed July 18, 2020). 

 39. European Commission,. Technical Guidance Document on Risk Assessment insupport of Commission Directive 93/67/EEC on Risk Assessment for New NotifiedSubstances Commission Regulation (EC) No 1488/94 on Risk Assessment for ExistingSubstances Directive 98/8/EC of the European Parliament of the Council Concerning the Placing of Biocidal Products on the Market. Ispra (IT): EuropeanCommissionJointResearch Centre. EUR, 20418. (2003). Available online at: https://echa.europa.eu/documents/10162/16960216/tgdpart2_2ed_en.pdf (accessed on July 17, 2020). 

 40. Ccanccapa A, Masiá A, Navarro-Ortega A, Picó Y, Barceló D. Pesticides inthe ebro river basin: occurrence and risk assessment. Environ Pollut. (2016) 211:414–24. doi: 10.1016/j.envpol.2015.12.059

 41. Sinha SR, Gupta RK, Gajbhiye VT. Nath V. Bio-efficacy and persistence of indoxacarb on solanumm elongena. Ann Pl Protec Sci. (2010) 18:223–82. 

 42. Ganguly P, Mandal J, Mandal N, Rakshit R, Patra S. Benzophenyl urea insecticides–useful and ecofriendly options for insect pest control. J Environ Biol. (2020) 41:527–38. doi: 10.22438/jeb/41/3/MRN-1284 

 43. Lewis KA, Tzilivakis J, Warner D, Green A. An international database for pesticide risk assessments and management. Hum Ecol Risk Assess. (2016) 22:1050–64. doi: 10.1080/10807039.2015.1133242 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Patra, Das, Rakshit, Choudhury, Roy, Mondal, Samanta, Ganguly, Alsuhaibani, Gaber, Brestic, Skalicky and Hossain. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-863519-t002.jpg
Day Dose Residue of indoxacarb (1g g~')

Tomato Soil Cabbage Soil
Season | Season I Season | Season |l Season| Season Il Season | Season Il
0 T 092.+0.04 093 0.14 0.84 0,04 0.860.05 1.49 £ 005 1.68+0.06 1.80 + 0,06 1.85+ 0,07
T 1.60 +0.04 165+ 0.12 1,53+ 007 1.61£008 262003 258+£0.17 282£0.15 2.43£0.11
1 ™ 051003 0752 0.11 0.47 0,06 0.430.04 1.23 005 1,15 +0.07 072+ 0.04 067 0,05
T 080+005 1,18 0.11 092006 1034005 2.06.+0.04 1984002 1.14:£008 1.05+0.11
3 ™ 0.2040.03 038 0.10 0.25+0.06 03240.02 069+ 0.04 0.6140.04 038+ 0.03 0324007
T2 0.30 £0.04 0.66 £ 0.11 0.58 £ 0.09 0.69 £ 0.02 1.07 £ 0.05 1.08+£0.12 0.64 £ 0.05 0.56 £+ 0.04
7 Ty 0.04 £0.01 017 £0.07 0.13 £ 0.05 0.20 £0.02 0.22 £ 0.04 0.18 £0.03 0.14 £ 0.03 0.08 £0.01
T 0.08.+0.01 031010 023002 0.44 0,04 039002 0.290.04 028+ 0.03 0.17 £0.02
10 T E 005 +0.02 0,05 0,03 0.09 0,01 0.06 % 0.01 0,04 +0.01 0.0 % 0.01 0.04 10,00
T - 047 £0.10 010002 047 £002 011001 022012 009+ 0.02 0.07 0,02
14 T - - - - - - - -
T - 004 40,01 0.050.01 0,094 0.00 0.05 £ 0.00 0,034 0.00 - -
Halfife  Ti 155 246 275 3.49 2419 1.90 226 1.99
(@
T 1.67 276 283 355 2,38 234 2.36 211
PHIG) Ty 187 2.21 - - - - - -
T2 281 4.76 - - - - - -
Regression Ty 6.736-0.4467x  y=6.8683-02828x  y=6.5084-02516x y=65014-0.1986x  y=7.4193-0317x  y=7.4525-0.3648x y=6.9977-0.3073  y=6.9648-0.3486x
Equation
T2 y=7.1792-0.4157x y = 7.3679-0.2513x y =7.166-0.2451x y = 7.2456-0.195x y = 7.8777-0.2909x y = 7.8935-0.296x y = 7.5146-0.2935x y = 7.4843-0.3292x
Correlation Ty 0.9963 09872 0.9338 09424 0.9891 0.9842 09893 0.9854
coefficient
")
T 09773 09833 0.9941 09812 0.9912 09796 09764 09773

ND, Not Detected at LOQ of 0.03 pg g





OPS/images/fnut-09-863519-t003.jpg
Seasons Treatment Days. Dietary risk assessment Soil ecological risk assessment (RQ;)

Tomato Cabbage Earthworm Algae
EDI RQq RQyq (acute) EDI RQy RQq (acute) Tomato field Cabbage Tomato field Cabbage
(Chronic) (Chronic) soil field soil soil field soil
Season | T 0 028 084 0.04 045 1.35 007 134 208 10620.25 16455.70
1 015 047 002 037 1.12 005 075 1.15 5940.93 9113.92
3 006 0.18 001 021 062 003 0.40 0.60 3160.34 4767.93
7 001 004 0.00 0.07 020 001 021 022 1637.13 1772.15
10 000 001 0.00 0.02 005 000 002 002 180.87 189.87
14 . - : 0.00 001 000 < = ‘ :
T 0 048 1.46 007 079 238 0.11 244 372 19324.89 29400.28
1 024 073 003 062 1.87 009 1.48 1.82 11704.64 14430.38
3 009 027 001 032 097 005 093 102 7375.53 8101.27
7 002 007 0.00 0.12 036 002 037 044 2911.39 3502.11
10 0.00 0.00 0.00 0.03 0.10 0.00 0.16 0.15 1299.58 1181.43
14 - - - 0.00 001 000 007 002 578.06 189.87
Season Il Tr 0 0.28 0.85 0.04 047 1.44 0.07 137 2.16 10835.44 17071.73
1 023 068 003 034 1.04 005 069 1.07 5468.35 8430.38
3 011 034 002 0.18 055 008 051 051 4067.51 4071.73
7 005 0.15 001 005 0.6 001 032 0.13 2506.33 1083.76
10 000 001 0.00 001 003 000 014 006 1088.61 472,57
14 . - - 0.00 001 000 002 002 189.87 189.87
T 0 050 150 007 077 234 0.11 257 380 20858.65 30763.71
1 034 1.02 005 0.60 1.80 009 165 1.69 1302954 13341.77
3 020 060 003 032 098 005 111 089 8780.03 7087.97
7 009 028 001 009 027 001 070 027 5661.18 2151.90
10 0.05 0.15 0.01 0.06 020 0.01 0.28 0.12 2185.65 928.27
14 001 003 0.00 001 003 000 0.15 002 1198.31 189.87

Indoxacarb: acute 14 d LCsg value earthworm - 625mg kg="; acute 72 h ECsy for algae - 0.079mg I-1; PNEC of indoxacarb: earthworm — 0.625mg kg~ algae - 0.000079mg I-' (43).





OPS/images/fnut-09-863519-g003.gif





OPS/images/fnut-09-863519-t001.jpg
Substrate

Tomato

Cabbage

Soil

Spiked level (g g~')

0.03
0.15
0.30
0.03
0.15
0.30
0.03
0.15
0.30

Mean Residue (g g~')

0.03
013
027
0.03
0.13
027
0.03
0.13
0.27

SD

0.00
001
0.03
0.00
0.01
0.03
0.00
0.01
0.03

RSD (%)

11.89
9.80
11.78
13.00
9.12
9.57
827
9.89
10.38

Indoxacarb

PRSD

9.75
764
6.85
9.80
763
6.86
9.75
7.66
6.85

HorRat

1.22
1.28
1.72
1.34
1.20
1.40
0.85
1.29
151

RE (%)

86.67
87.44
91.17
83.33
88.78
89.89
86.67
86.00
90.67

ME (%)

107.44
108.85
104.78
110.06
106.97
106.78
106.39
108.13
106.81

PE (%)

93.11
95.18
95.52
91.71
94.08
95.08
91.34
92.99
06.84





OPS/images/math_3.gif
C, = Cpe ™





OPS/images/math_1.gif





OPS/images/math_2.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Persistence and Exposure Assessment of Insecticide Indoxacarb Residues in Vegetables



		Introduction



		Materials and Methods



		Chemicals and Reagents



		Preparation of Standard Solutions



		Field Experiments



		Sampling



		Extraction and Clean-Up of Cabbage, Tomato, and Soil Samples



		GC–ECD Estimation



		Method Validation



		Dissipation of Indoxacarb



		Pre-harvest Interval (PHI)



		Safety Risk Assessment



		Dietary Risk Assessment



		Risk Assessment Pertaining to Soil Flora and Fauna













		Results and Discussion



		Method Validation



		Dissipation Behavior of Indoxacarb in/on Tomatoes, Cabbages, and Soil



		Safety Assessment



		Dietary Risk Assessment



		Risk Assessment Pertaining to Soil Flora and Fauna













		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Persistence and Exposure
Assessment of Insecticide
Indoxacarb Residues in Vegetables





OPS/images/fnut-09-863519-g001.gif





OPS/images/fnut-09-863519-g002.gif





OPS/images/math_5.gif





OPS/images/math_4.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





