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Abstract

:

Simple Summary


A synergistic effect on Drosophila suzukii control was observed by combining EF fumigation with cold-temperature treatment. D. suzukii showed higher mortality at 1 °C after exposure to cold temperature. The egg stage showed the highest tolerance in the ethyl formate fumigation-only treatment according to the LCT99 value in a 12 L desiccator. Among the combination treatment methods, cold treatment after EF fumigation was found to be the most effective for D. suzukii control, and mortality increased as the duration of exposure to cold temperature increased. Although the sorption of EF was very high, the concentration of fumigant during treatment had a significant effect on insecticidal activity during combination treatment. Therefore, the combination of EF fumigation and cold-temperature treatment can be used to control D. suzukii.




Abstract


Drosophila suzukii is a quarantine pest that is rapidly spreading in berries. This study evaluated the synergistic effect of combination treatment with ethyl formate (EF) and cold temperature for D. suzukii control on imported grapes. A higher insecticidal effect was observed at 1 °C than at 5 °C at all developmental stages, and the pupal stage showed the strongest tolerance to cold temperature. After EF fumigation alone, eggs showed the highest tolerance at 216.67 mg·h/L (LCT99 value), and adults showed the highest susceptibility at <27.24 mg·h/L. Among the combination treatment methods, cold temperature after fumigation resulted in the best synergistic effect. The effect of this combination was significant, with 23.3% higher mortality for eggs, 22.4% for larvae, and 23.4% for pupae than observed with EF fumigation alone. Furthermore, the period of complete D. suzukii control in the 12 L desiccator was shorter in the combination treatment group at the LCT80 value than at the LCT50 value of the egg stage. EF showed a very high sorption rate (24%) after 4 h of exposure at a grape loading ratio of 15% in a 0.65 m3 fumigation chamber. As the grape loading ratio for combination treatment decreased, D. suzukii mortality increased, but when EF was administered at the LCT80 value, there was little difference in the mortalities of the eggs and larvae but not the pupae. All D. suzukii developmental stages were completely controlled within 7 days after combination treatment, and phytotoxicity was not observed in grapes. These results suggest that the combination of cold-temperature treatment and EF fumigation could be used for D. suzukii control.
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1. Introduction


Spotted-wing drosophila (Drosophila suzukii) originated in East Asia but is currently found on all continents [1]. However, postharvest treatments can help reduce the spread of the pest within continents and in countries where it does not yet occur [2,3]. D. suzukii lay eggs on fruits, and the hatching larvae burrow into the fruit, making the detection of infection difficult at the early stage. This also causes serious economic losses due to the secondary damage caused by other insects and pathogens from spoilage [3,4,5,6,7].



In general, quarantine disinfection to control D. suzukii is performed chemically by using fumigants such as methyl bromide (MB), phosphine (PH3), and ethyl formate (EF) or by various physical controls such as heat treatment, low-temperature treatment, and irradiation treatment [2,8,9,10].



EF is a substance naturally volatilized by plants that is used to control pests in stored grains, dried fruits, raw fruits, and wood in Australia and in exported agricultural products such as bananas, oranges, and pineapples in the Philippines [11,12,13,14,15]. EF is rapidly hydrolyzed, has no risk of bioaccumulation or genotoxicity, and is designated as a safe substance by the US Food and Drug Administration (FDA) that appears on the list of substances generally recognized as a safe (GRAS) [12,16,17,18,19]. However, its high cost and possible damage to some crops are issues that need to be solved [20].



The physical control of pests using temperature is widely used internationally, and cold-temperature treatment is being actively introduced in Japan [21,22,23,24]. It has been reported that cold-temperature treatment for the control of quarantine pests of the order Dipteran, such as the Caribbean fruit fly Anastrepha suspensa (Loew) and the oriental fruit fly Bactrocera dorsalis (Hendel), is effective [25,26].



Recently, pest control using combination treatment rather than a single treatment with fumigants or physical control methods has been researched. Various fumigant treatments at low temperatures have been reported for many pests, such as the Mediterranean fruit fly Ceratitis capitata (Dipteran: Tephritidae), B. dorsalis, the peach fruit moth Carposina niponensis (Lepidoptera: Carposinidae), and the yellow peach moth Conogethes punctiferalis (Lepidoptera: Crambidae) using MB; C. niponensis, B. dorsalis, and the guava fruit fly Bactrocera correcta using PH3; and D. suzukii and the mushroom fly Lycoriella mali, using EF [22,27,28,29,30,31,32].



In this study, the synergistic insecticidal effects of EF fumigation and cold treatment were researched to assess their potential combined use as a D. suzukii control method in grapes.




2. Materials and Methods


2.1. Insect


D. suzukii was reared using artificial food and sugar solution (20%) in the Insect Toxicology Laboratory of Chungbuk National University with support from Gyeonggi-do Agricultural Research and Extension Services, Republic of Korea, in 2020. The artificial food for rearing egg, larval, and pupal stages was modified using the method of Dalton et al. [33] and boiled for 15 min by mixing with distilled water (2 L), agar (16 g), cornmeal (168 g), sugar (75.2 g), dry yeast (48 g), methyl paraben (3.2 g, Samchun Chemicals, Pyeongtaek, Korea), and green food coloring (2 mL, Saerohands, Namyangju, Korea). When the temperature dropped to 63 °C, propionic acid (22.8 mL, Samchun Chemicals, Pyeongtaek, Korea) was added, and the mixture was placed in a breeding dish (100 mm i.d.). D. suzukii adults were provided sugar solution (20%), and breeding dishes with artificial food were changed daily for offspring.



The rearing conditions consisted of incubation at 20 ± 1 °C and 60 ± 10% relative humidity under a 16:8 h light:dark cycle.




2.2. Fumigant and Crop


EF (97%) was purchased from Sigma–Aldrich (St. Louis, MO, USA), and the crop used in the experiment was the grape cultivar ‘Campbell Early’ harvested from a domestic vineyard in 2021.




2.3. Fumigation Experiments


The fumigation activities of EF against D. suzukii were observed in a 12 L desiccator (Duran, Mainz, Germany) for 4 h of exposure following the method of Cho et al. (2020) with modification [34].



Various amounts of EF were applied to filter paper (90 mm i.d.) using a 100 µL gastight syringe (Hamilton, NV, USA) inside a 12 L desiccator. D. suzukii eggs and larvae (30 of each) were positioned in a Petri dish (100 mm i.d.) containing artificial food. Thirty pupae were set on filter paper soaked in water and placed in a Petri dish, and adults were placed in only a Petri dish for the experiment. The eggs were observed until pupation from the egg laid within 6 h, and then the number of live pupae was recorded after 12 d. The experiment was conducted using third-instar larvae, pupae within 2 d after pupation, and adults within 3 d after emergence. The mortality of the pupae after 7 d, emergent adults after 9 d, and adults after 1 d was observed.



All experiments were repeated at least 3 times, and the control was not treated with any fumigant. The experimental conditions were maintained at 20 ± 1 °C and 60 ± 10% relative humidity under a 16:8 h light:dark cycle.




2.4. Cold Treatment Experiments


Mortality was measured according to cold treatment (1 °C and 5 °C) exposure time (ET) for all developmental stages of D. suzukii using a cold chamber (JS Research INC., Gongju, Korea).



All developmental stages of D. suzukii were placed in Petri dishes in the same way as described above for the fumigation experiments and treated at cold temperatures. Cold treatments were carried out for 7 d for each developmental stage, and mortality was investigated after 14 d for the egg stage, 9 d for the larval stage, 12 d for the pupal stage, and 2 d for the adult stage.



All experiments were performed at least 3 times, and the control was performed without any cold treatment at 20 ± 1 °C.




2.5. Combination Treatment Experiments


D. suzukii mortality was investigated by combining EF and cold treatment at 1 °C using a 12 L desiccator and a 0.65 m3 fumigation chamber (230 × 50 × 50 cm).



Insecticidal activity against D. suzukii was determined using 2 combination treatment methods: fumigation treatment followed by cold treatment and fumigation after cold treatment. EF involved exposure to the LCT50 value at the egg stage for 4 h at 20 ± 1 °C in a 12 L desiccator, and cold treatment (1 °C) was carried out for 1 d followed by incubation at 20 ± 1 °C.



Next, the cold treatment exposure time was increased for 7 d to observe D. suzukii mortality using the cold treatment experimental protocol after fumigation, which showed the most effective combination activity in a 12 L desiccator. EF treatment was carried out for 4 h at the LCT50 and LCT80 values for the egg stage determined using single treatments, and cold treatment alone was performed for 7 d.



Another D. suzukii mortality experiment was performed by applying EF fumigation for 4 h with 10% and 15% loading ratios (w/v) of grapes in a 0.65 m3 fumigation chamber. EF was treated with LCT50 and LCT80 values at the egg stage for 4 h at 20 ± 1 °C, and cold treatment (1 °C) was carried out for 7 d to confirm the synergistic effect.



The mortality at each developmental stage, with the exception of the adult stage, was determined in the same way as in the cold treatment experiment. All experiments were performed with at least 3 replicates of 30 insects for each developmental stage.




2.6. Gas Concentration and Sorption Measurements


The concentration and time (CT) values were calculated by collecting gases at 0.5 h, 1 h, 2 h, and 4 h after EF treatment [35]. A total of 50 mL of EF gas in each 12 L desiccator was collected in a Tedlar gas sampling bag (1 L, SKC, Dorset, UK) using a syringe (100 mL, Hamilton, NV, USA). The EF concentrations were analyzed using gas chromatography (GC; Agilent Technology 6890N, Agilent Technology, Santa Clara, CA, USA) with the following conditions: flame ionization detector (FID) injector temperature of 200 °C, oven temperature of 100 °C, and detector temperature of 240 °C while utilizing an HP-5 column (0.32 mm × 30 m, Agilent Technology, Santa Clara, CA, USA).



The sorption ratio of EF was determined at grape loading ratios of 0%, 5%, 10%, 15%, and 20% (w/v) using a 12 L desiccator. All sorption experiments included treatment with 20 mg/L EF at 20 °C for 4 h. The gas concentrations for sorption were determined at 10 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, and 4 h after treatment. C/C0 values were calculated as the concentration at each time point after treatment (C) divided by the concentration 10 min after treatment (C0). A 12 L desiccator without grapes was used as the control (0%).




2.7. Grape Quality Evaluation


Grape quality was used to evaluate the effects of 30 mg/L EF fumigation at 20 °C for 4 h in a 0.65 m3 fumigation chamber filled with a 10% grape loading ratio, followed by cold treatment at 1 °C for 24 h of exposure. After combination treatment, fifteen grape clusters were randomly collected on days 3, 7, 10, and 14 d of storage at 5 °C to evaluate quality. As a control, grapes stored at 5 °C without any treatment were assessed. Surface color, sugar content, weight loss, decay rate, and berry abscission were observed for quality evaluation. The surface color was examined for brightness (L), redness (a), and yellowness (b) using a chromameter (CR-400, Minolta Inc., Osaka, Japan). The sugar content was measured using a refractometer (Atago Co. Ltd., Tokyo, Japan). The weight loss rate was determined as a percentage using the weight of each grape cluster. The rate of decay was calculated by dividing the number of decayed grape berries by the total number of grape berries. The berry abscission rate was ascertained by placing the grapes in a shaker (N-Biotec Inc., Bucheon, Korea) at 150 rpm for 1 min and then calculating the number of berries that had undergone abscission as a percentage.




2.8. Statistical Analysis


The lethal concentration and time (LCT) values after a single EF fumigation treatment and the lethal exposure time (LET) values of the cold-temperature treatments (1 °C and 5 °C) alone were calculated using probit analysis for all developmental stages of D. suzukii [36]. The mortality of all D. suzukii at each developmental stage (except adults) under both combination treatments using EF fumigation and cold temperature (1 °C) and the mortality according to the EF LCT values (LCT50 and LCT80 values of egg stage) and grape loading ratio were compared and analyzed using t-tests [36]. The differences in grape phytotoxicity between the combination treatment and control were also analyzed using a t-test [36].





3. Results


3.1. Effects of EF Fumigation on D. suzukii


The effects of EF fumigation on all D. suzukii developmental stages were investigated in a 12 L desiccator (Table 1).



Comparing the LCT values at each D. suzukii developmental stage showed that adults had the highest susceptibility and 100% fumigation activity with <27.24 mg·h/L EF. The egg, larval, and pupal stages showed similar activities, and in particular, the tolerance ratio (TR) values were 7.95, 7.22, and 7.34 times higher than the LCT99 value at the adult stage, respectively. D. suzukii eggs showed the highest tolerance to EF fumigation.




3.2. Effects of Cold Treatment on D. suzukii


The effect of cold temperature (1 °C and 5 °C) exposure time on mortality was investigated for all developmental stages of D. suzukii (Table 2).



When comparing the LET values of all developmental stages of D. suzukii, a longer LET was observed at 5 °C than at 1 °C, showing susceptibility to low temperature. There were no significant differences in the cold temperature TR values at any developmental stages, but the longest LET value was found in adults. Additionally, the eggs were the most susceptible to both cold-temperature treatments.




3.3. Effects of the Combination of Fumigation and Cold Treatment


The insecticidal activity against all D. suzukii developmental stages except adults was investigated with two combination treatments consisting of fumigation for 4 h and cold temperature (1 °C) exposure for 24 h (Figure 1).



Both combination treatments resulted in higher D. suzukii mortality at all developmental stages than fumigation alone according to the LCT50 value of the egg stage. A greater insecticidal effect was observed at 21.0% for eggs, 14.0% for larvae, and 10.5% for pupae that received cold treatment after EF fumigation than for cold treatment followed by fumigation. Cold treatment after fumigation differed significantly from treatment with fumigation alone.



After exposure to fumigation followed by cold treatment (1 °C for 7 d), D. suzukii mortality was compared by the time of exposure using the LCT50 and LCT80 values of the egg stage (Figure 2).



A very low ovicidal effect (21.8%) was observed after 1 d of cold treatment alone, but a large synergistic effect was found with the combination treatment. The most susceptible stage, the larval stage, showed 100% mortality after EF fumigation treatment at the LCT50 and LCT80 values of the egg stage for 4 h and exposure to cold treatment for 2 d and 1 d. The pupal stage showed the greatest tolerance to the combination treatment, and 100% mortality was observed after 5 d of cold treatment following EF fumigation at the LCT50 value.




3.4. Sorption of EF on Grapes


The sorption ratios of EF with various loading ratios of grapes in a 12 L desiccator were investigated (Figure 3).



The EF C/C0 values decreased by 16% after 4 h in the control group without grapes, but the EF concentration decreased sharply when the grape loading ratio was over 10%. The EF C/C0 values decreased to 65% and 57% at 10% and 15% grape loading ratios, respectively, after 2 h of fumigation treatment, but this value decreased dramatically to 26% after 2 h at a grape loading ratio of 20%.




3.5. Effectiveness of Combination Treatment According to the Grape Loading Ratio


The effectiveness of each fumigant concentration (LCT50 and LCT80 values during the egg stage) at different grape loading ratios (10% and 15%) against D. suzukii in combination with cold treatment was investigated in a 0.65 m3 fumigation chamber according to cold treatment exposure time (Figure 4).



In eggs, both the LCT50 and LCT80 values of EF followed by treatment at 1 °C resulted in similar mortality regardless of the grape loading ratio. However, the larval and pupal stages showed significant differences in mortality according to the grape loading ratio at the LCT50 value of the egg stage. There was no significant difference in the loading ratio when fumigation was performed at the LCT80 value during combination treatment at all developmental stages except the adult stage. When the egg and larval stages of D. suzukii were treated with the LCT80 of EF at 1 °C for 1 d, over 93% toxicity was observed.




3.6. Grape Quality Changes


The effect of cold temperature (1 °C) after fumigation (30 mg/L) on grapes was investigated (Table 3).



There was no significant difference in the grapes between the combination treatment group and the control, although the weight loss and decay rate increased over time. The berry abscission rate increased after combination treatment but was not significantly different from that in the control. The sugar content in the grapes was not related to time after treatment, and there was also no significant difference from the control. Regarding the change in surface color, the brightness value (L) of the treated grapes was lower, and the yellowness value (b) was higher than those of the control grapes, but no statistically significant difference was observed.





4. Discussion


There are existing studies on different postharvest treatments, but in this study, the effect of combination treatment using cold temperature, a physical control method, was tested to increase the efficiency of D. suzukii control using EF [2]. The effects of EF differ according to the developmental stage of many insects [32,37,38,39]. D. suzukii eggs showed the highest tolerance to EF fumigation, with an LCT99 value of 168.5 mg·h/L when treated at 21 °C for 4 h, while adults were the most susceptible, with an LCT99 value of ≤5 mg·h/L [32]. Similar results were found in this study, as eggs showed higher tolerance to EF fumigation than adults. Tetranychus urticae (Trombidifores: Tetranychidae) eggs showed higher EF tolerance than adults, while Phthorimaea opercullella (Lepidoptera: Gelechiidae) pupae showed the highest tolerance, with the adults being susceptible [37,40]. The nymph stages of two species of mealybugs (Pseudococcus longispinus and Pseudococcus orchidicola (Hemiptera: Pseudococcidae) have been shown to have greater tolerance to EF than adults [38]. It was also found that fumigation activity could be reduced in the low-respiration egg and pupal stages due to the characteristics of the fumigant, which is highly related to respiration [41,42].



When cold temperature was used as a physical control method, the stored product pests Sitophilus granarius (Coleoptera: Curculionidae), Callosobruchus rodesianus (Coleoptera: Bruchidae), Ephestia cautella (Lepidoptera: Pysalidae), and Ephestia kuehniella (Lepidoptera: Pysalidae) showed 100% mortality after 4 h of exposure to a temperature of −18 °C [22]. B. dorsalis control is 99% effective after cold-temperature treatment at 5 °C, 6 °C, and 7 °C for 8 d [25,26]. More than 99.9964% of D. suzukii can be controlled if treated at 1 °C for 8 d, although in the pupae, which showed the strongest tolerance at 5 °C, cold-temperature treatment for more than 9 d was needed [32,43]. In this study, it was also found that the pupae had the highest cold tolerance under cold treatment and required more than 6 d of exposure at 1 °C for 100% mortality. However, cold temperature alone requires a long treatment time, which is a disadvantage when controlling pests. In general, combination treatment methods, such as applying fumigants in combination with other fumigants or controlling the atmosphere using CO2, N2, and O2 in combination with fumigants, are being studied to reduce disadvantages that may appear with a single treatment [37,44,45]. In addition, combination treatment studies using fumigants and low temperatures, similar to this study, were previously conducted [46,47]. In previous research, the mortality of Phthorimaea operculella at all developmental stages except the larval stage at 5 °C and 20 °C did not show significant differences after EF fumigation, and there was no significant difference in the LCT99 value even when adult and nymphal Frankliniella occidentalis were treated at 5 °C and 10 °C, respectively [40,48]. However, after T. urticae were fumigated with EF and treated at 5 °C, 10 °C, and 20 °C, both eggs and adults showed increased susceptibility as the temperature increased [37]. Combining fumigation with low-temperature treatment causes differences in activity depending on insect species and developmental stage, but the fumigation activity of EF seems to have little effect on temperature. This study evaluated the effects of EF and cold temperature on D. suzukii by administering the treatments separately, rather than simultaneously, and the results showed that treatment order had a strong effect on D. Suzukii mortality.



In general, the sorption of fumigants varies depending on various factors such as the fumigant (PH3 and ethanedinitrile), treatment temperature, and products to be treated [49,50]. In particular, EF has a high sorption rate, and the higher the loading ratio was, the higher the sorption rate in this study. When EF and PH3 were applied to tobacco leaves, the sorption of EF was high, and the sorption amount was also high in wheat [51,52]. In the previous study, the EF concentration decreased by more than 50% within 2 h at a blueberry loading ratio of 10%, showing similar results to this study [32]. Since EF has a high sorption rate, increasing its concentration is a way to reduce the low-temperature treatment time needed for complete pest control. By adjusting the EF concentration and time at low temperature, this combination treatment method could be an effective strategy for crops that are stored at low temperature by increasing the control effects via short-term low-dose fumigant administration. Furthermore, in the grape phytotoxicity evaluation in this study, EF did not result in any significant difference in quality compared to that of the control until 14 d, and the results of blueberry quality in response to EF fumigation were not significantly different [32].



Therefore, these results suggest that the application of cold-temperature (1 °C) treatment after EF fumigation for 4 h is a strategy that could be used for D. suzukii control.




5. Conclusions


We studied the combined effects of using cold-temperature treatment (1 °C) for 3 d after EF fumigation for 4 h with the LCT80 value and found 100% mortality for all D. suzukii developmental stages, except the pupal stage. Thus, this combination treatment could be useful for D. suzukii control on grapes stored at cold temperatures for export.







Author Contributions


Investigation, J.-C.J.; formal analysis and writing—original draft, J.-C.J. and H.-K.K.; resources, B.-S.K. and J.-O.Y.; validation, H.-N.K.; supervision, G.-H.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Animal and Plant Quarantine Agency, Korea (grant no. Z-1543086-2021-23-05).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lee, J.C.; Bruck, D.J.; Curry, H.; Edwards, D.; Haviland, D.R.; Steenwyk, R.A.V.; Yorgey, B.M. The susceptibility of small fruits and cherries to the spotted-wing drosophila, Drosophila suzukii. Pest Manag. Sci. 2011, 67, 1396–1402. [Google Scholar] [CrossRef] [PubMed]

	



Walse, S.S.; Cha, D.H.; Lee, B.H.; Follett, P.A. Postharvest quarantine treatments for Drosophila suzukii in fresh fruit. In Drosophila suzukii Management; Garcia, F.R.M., Ed.; Springer: Cham, Switzerland, 2020; pp. 255–267. [Google Scholar]

	



Biondi, A.; Traugott, M.; Desneux, N. Special issue on Drosophila suzukii: From global invasion to sustainable control. J. Pest Sci. 2016, 89, 603–604. [Google Scholar] [CrossRef]

	



Louis, C.; Girard, M.; Kuhl, G.; Lopez-Ferber, M. Persistence of Botrytis cinerea in its vector Drosophila melanogaster. Phytopathology 1996, 86, 934–939. [Google Scholar] [CrossRef]

	



Goodhue, R.E.; Bolda, M.; Farnsworth, D.; Williams, J.C.; Zalom, F.G. Spotted wing drosophila infestation of California strawberries and raspberries: Economic analysis of potential revenue losses and control costs. Pest Manag. Sci. 2011, 67, 1396–1402. [Google Scholar] [CrossRef]

	



Walsh, D.B.; Bolda, M.P.; Goodhue, R.E.; Dreves, A.J.; Lee, J.C.; Bruck, D.J.; Walton, V.M.; O’Neal, S.D.; Zalom, F.G. Drosophila suzukii (Diptera: Drosophilidae): Invasive pest of ripening soft fruit expanding its geographic range and damage potential. J. Integr. Pest Manag. 2011, 2, G1–G7. [Google Scholar] [CrossRef]

	



Timmeren, S.V.; Isaacs, R. Control of spotted wing drosophila, Drosophila suzukii, by specific insecticides and by conventional and organic crop protection programs. Crop Prot. 2013, 54, 126–133. [Google Scholar] [CrossRef]

	



Paull, R.E.; Armstrong, J.W. Insect Pests and Fresh Horticultural Products: Treatments and Responses; CAB International: Willingford, UK, 1994. [Google Scholar]

	



Sharp, J.L.; Hallman, G.J. Quarantine Treatments for Pests of Food Plants, 1st ed.; CRC Press: Boca Raton, FL, USA, 2019. [Google Scholar]

	



Cuthbertson, A.G.S.; Blackburn, L.F.; Northing, P.; Mathers, J.J.; Luo, W.; Walters, K.F.A. Environmental evaluation of hot water treatments to control Liriomyza huidobrensis infesting plant material in transit. Int. J. Environ. Sci. Technol. 2009, 6, 167–174. [Google Scholar] [CrossRef]

	



Hiroyasu, T.; Shibanuma, C.; Ishii, H.; Yamada, R.; Nakamura, C. Studies on the sugars, organic acids and volatile components in grape berries. Tech. Bull. Fac. Hort. Chiba Univ. 1972, 20, 51–60. [Google Scholar]

	



Desmarchelier, J.M. Ethyl formate and formic acid: Occurrence and environmental fate. Postharvest News Inf. 1999, 10, 7–12. [Google Scholar]

	



Krishna, H.; Ryan, R.; Munez, A.; Hirst, G.; Yoshihara, H.; Barton, S. Development of Vapormate™ for Preshipment Disinfestation of Export Bananas in the Philippines; Crop & Food Research Confidential Report No. 007; Crop & Food Research: Palmerston North, New Zealand, 2002; Available online: https://mbao.org/static/docs/confs/2005-sandiego/papers/120RyanR%20VAPORMATE%5EBananas%5EMBAO%20Paper.pdf (accessed on 7 June 2022).

	



Ryan, R.F.; Krishna, H.; Bishop, S.R.; Brash, D.; Mitcham, E. Development of vapormate™ for postharvest quality. Acta Hortic. 2004, 687, 413–416. [Google Scholar]

	



Finkelman, S.; Navarro, S.; Navarro, H.; Lendler, E. Vapormate™” an alternative fumigant for QPS treatments. In Proceedings of the 9th International Working Conference on Controlled Atmosphere and Fumigation in Stored Products, Antalya, Turkey, 15–19 October 2012; Navarro, S., Banks, H.J., Jayas, D.S., Bell, C.H., Noyes, R.T., Ferizli, A.G., Emekci, M., Isikber, A.A., Alagusundaram, K., Eds.; ARBER Professional Congress Services: Ankara, Turkey, 2012; pp. 247–253. [Google Scholar]

	



Muthu, M.; Rajendran, S.; Krishnamurthy, T.S.; Narasimhan, K.S.; Rangaswamy, J.R.; Jayaram, M.; Majumder, S.K. Ethyl formate as a safe general fumigant. In Developments in Agricultural Engineering; Elsevier: Amsterdam, The Netherlands, 1984; Volume 5, pp. 369–393. [Google Scholar]

	



Haritos, V.S.; Dojchinov, G. Cytochrome c oxidase inhibition in the rice weevil Sitophilus oryzae (L.) by formate, the toxic metabolite of volatile alkyl formats. Comp. Biochem. Physiol. 2003, 136, 135–143. [Google Scholar]

	



Ren, Y.; Mahon, D. Fumigation trials on the application of ethyl formate to wheat, split faba beans and sorghum in small metal bins. J. Stored Prod. Res. 2006, 42, 277–289. [Google Scholar] [CrossRef]

	



Yao, X.; Wang, K.; Zhang, S.; Liang, S.; Li, K.; Wang, C.; Yao, Z. Degradation of the mixture of ethyl formate, propionic aldehyde, and acetone by Aeromonas salmonicida: A novel microorganism screened from biomass generated in the citric acid fermentation industry. Chemosphere 2020, 258, 127320. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, R.F.; De Lima, C.P.F. Overview of ethyl formate-85 years as a fumigant. Gen. Appl. Entomol. 2013, 41, 49–54. [Google Scholar]

	



Sharp, J.L. Heat and cold treatments for postharvest quarantine disinfestation of fruit flies (Diptera: Tephritidae) and other quarantine pests. Fla. Entomol. 1993, 76, 212–218. [Google Scholar] [CrossRef]

	



Kawakami, F. Current research of alternatives to methyl bromide and its reduction in Japanese plant quarantine. Res. Bull. Plant Prot. Serv. 1999, 35, 109–120. [Google Scholar]

	



Hallman, G.J. Factors affecting quarantine heat treatment efficacy. Postharvest Biol. Technol. 2000, 21, 95–101. [Google Scholar] [CrossRef]

	



Armstrong, J.W.; Mangan, R.L. Commercial quarantine heat treatments. In Heat Treatments for Postharvest Pest Control: Theory and Practice; Tang, J., Mitcham, E., Wang, S., Lurie, S., Eds.; CAB International: Wallingford, UK, 2007; pp. 311–340. [Google Scholar]

	



Benschoter, C.A. Low-temperature storage as a quarantine treatment for the Caribbean fruit fly (Diptera: Tephritidae) in Florida citrus. J. Econ. Entomol. 1984, 77, 1233–1235. [Google Scholar] [CrossRef]

	



Burikam, I.; Sarnthoy, O.; Charernsom, K.; Kanno, T.; Homma, H. Cold temperature treatment for mangosteens infested with the oriental fruit fly (Diptera: Tephritidae). J. Econ. Entomol. 1992, 85, 2298–2301. [Google Scholar] [CrossRef]

	



Misumi, T.; Kawakami, F.; Mizobuchi, M.; Tao, M.; Machida, M.; Inoue, T. Methyl bromide fumigation for quarantine control of Japanese mealybug and citrus mealybug on satsuma mandarin. Res. Bull. Plant Prot. Serv. 1994, 30, 57–68. [Google Scholar]

	



Armstrong, J.W.; Whitehand, L.C. Effects of methyl bromide concentration, fumigation time, and fumigation temperature on Mediterranean and oriental fruit fly (Diptera: Tephritidae) egg and larval survival. J. Econ. Entomol. 2005, 98, 1116–1125. [Google Scholar] [CrossRef] [PubMed]

	



Bo, L.; Fanhua, Z.; Yuejin, W. Toxicity of phosphine to Carposina niponensis (Lepidoptera: Carposinadae) at low temperature. J. Econ. Entomol. 2010, 103, 1988–1993. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Cheng, X.; Wang, H.; Wang, K.; Qiao, K. Effect of fumigation with 1, 3-dichloropropene on soil bacterial communities. Chemosphere 2015, 139, 379–385. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Li, L.; Li, B.; Zhan, G.; Wang, Y. Evaluation of low-temperature phosphine fumigation for control of oriental fruit fly in loquat fruit. J. Econ. Entomol. 2018, 111, 1165–1170. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, T.H.; Park, C.G.; Lee, B.H.; Zarders, D.R.; Roh, G.H.; Kendra, P.E.; Cha, D.H. Ethyl formate fumigation and ethyl formate plus cold treatment combination as potential phytosanitary quarantine treatments of Drosophila suzukii in blueberries. J. Asia-Pac. Entomol. 2021, 24, 129–135. [Google Scholar] [CrossRef]

	



Dalton, D.T.; Walton, V.M.; Shearer, P.W.; Walsh, D.B.; Caprile, J.; Isaacs, R. Laboratory survival of Drosophila suzukii under simulated winter conditions of the Pacific Northwest and seasonal field trapping in five primary regions of small and stone fruit production in the United States. Pest Manag. Sci. 2011, 67, 1368–1374. [Google Scholar] [CrossRef]

	



Cho, S.W.; Kim, H.K.; Kim, B.S.; Yang, J.O.; Kim, G.H. Combinatory effect of ethyl formate and phosphine fumigation on Pseudococcus longispinus and P. orchidicola (HemipteraL Pseudococcidae) mortality and phytotoxicity to 13 foliage nursery plants. J. Asia-Pac. Entomol. 2020, 23, 152–158. [Google Scholar] [CrossRef]

	



AFHB/ACIAR. Suggested recommendations for the fumigation of grain in ASEAN region. In Principles and General Practice, Part 1; ASEAN Food Handling Bureau: Kuala Lumpur, Malaysia, 1989; p. 139. [Google Scholar]

	



SAS Institute. SAS User’s Guide, Statistics Version 9, 1st ed.; SAS Institute: Cary, NC, USA, 2009. [Google Scholar]

	



Lee, J.S.; Kim, H.K.; Kyung, Y.; Park, G.H.; Lee, B.H.; Yang, J.O.; Kim, G.H. Fumigation activity of ethyl formate and phosphine against Tetranychus urticae (Acari: Tetranychidae) on imported sweet pumpkin. J. Econ. Entomol. 2018, 111, 1625–1632. [Google Scholar] [CrossRef]

	



Kyung, Y.; Kim, H.K.; Cho, S.W.; Kim, B.S.; Yang, J.O.; Koo, H.N.; Kim, G.H. Comparison of the efficacy and phytotoxicity of phosphine and ethyl formate for controlling Pseudococcus longispinus (Hemiptera: Pseudococcidae) and Pseudococcus orchidicola on imported foliage nursery plants. J. Econ. Entomol. 2019, 112, 2149–2156. [Google Scholar] [CrossRef]

	



Kim, H.K.; Park, H.; Seok, S.J.; Kyung, Y.; Kim, G.H. Effectiveness of Ethyl Formate as a Fumigant of Blattella germanica and Periplaneta americana(Blattodea: Ectobiidae, Blattidae) in Cross-Border Trade Transportation. Insects 2021, 12, 1010. [Google Scholar] [CrossRef]

	



Kim, B.S.; Yang, J.O.; Park, M.G.; Kim, H.M.; Lee, B.H. Commercial scale fumigation trials of ethanedinitrile, a new methyl bromide alternative, on imported timbers and logs under various temperature conditions. In Proceedings of the Korean Society of Applied Entomology Conference, Gunsan, Korea, 15–16 October 2015. [Google Scholar]

	



Aulicky, R.; Stejskal, V.; Frydova, B.; Athanassiou, C.G. Susceptibility of two strains of the confused flour beetle (Coleoptera: Tenebrionidae) following phosphine structural mill fumigation: Effects of concentration, temperature, and flour deposits. J. Econ. Entomol. 2015, 108, 2823–2830. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Phillips, T.W.; Arthur, F.H.; Aikins, M.J.; Agrafioti, P.; Hartzer, K.L. Efficacy of phosphine fumigation for different life stages of Trogoderma inclusum and Dermestes maculatus (Coleoptera: Dermestidae). J. Stored Prod. Res. 2020, 86, 101556. [Google Scholar] [CrossRef]

	



Kim, M.J.; Kim, J.S.; Jeong, J.S.; Choi, D.S.; Park, J.; Kim, I. Phytosanitary cold treatment of spotted-wing drosophila, Drosophila suzukii (Diptera: Drosophilidae) in ‘Campbell Early’ grape. J. Econ. Entomol. 2018, 111, 1638–1643. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, R.F.; De Lima, C.P.F. Ethyl formate fumigation an overview update. In Proceedings of the 11th International Working Conference on Stored Product Protection, Chiang Mai, Thailand, 24–28 November 2014; pp. 24–28. [Google Scholar]

	



Yang, J.O.; Park, M.G.; Jeong, Y.C.; Lee, B.H. Application of ethyl formate with nitrogen for controlling fruit and vegetable insect pests in perishable commodities. In Proceedings of the 10th International Conference on Controlled Atmosphere Fumigation in Stored Products, New Delhi, India, 7–11 November 2016; Navarro, S., Jayas, D.S., Alagusundaram, K., Eds.; CAF Permanent Committee Secretariat: Winnipeg, MB, Canada, 2016; pp. 6–11. [Google Scholar]

	



Fields, P.G.; White, N.D. Alternatives to methyl bromide treatments for stored-product and quarantine insects. Annu. Rev. Entomol. 2002, 47, 331–359. [Google Scholar] [CrossRef] [PubMed]

	



Mortimer, E.A.; Powell, D.F. Development of a combined cold storage and methyl bromide fumigation treatment to control the American serpentine leaf miner Liriomyza trifolii (Diptera: Agromyzidae) in imported chrysanthemum cuttings. Ann. Appl. Biol. 1984, 105, 443–454. [Google Scholar] [CrossRef]

	



Kyung, Y.; Kim, H.K.; Lee, J.S.; Kim, B.S.; Yang, J.O.; Lee, B.H.; Kim, G.H. Efficacy and phytotoxicity of phosphine as fumigants for Frankliniella occidentalis (Thysanoptera: Thripidae) on asparagus. J. Econ. Entomol. 2018, 111, 2644–2651. [Google Scholar] [CrossRef] [PubMed]

	



Vanitha, R.P.; Rajashekar, Y.; Begum, K.; Chandrappa, L.B.; Rajendran, S. The relation between phosphine sorption and terminal gas concentrations in successful fumigation of food commodities. Pest Manag. Sci. 2007, 63, 96–103. [Google Scholar] [CrossRef]

	



Ramadan, G.R.; Zhu, K.Y.; Abdelgaleil, S.A.; Shawir, M.S.; El-Bakary, A.S.; Edde, P.A.; Phillips, T.W. Ethanedinitrile as a fumigant for Lasioderma serricorne (Coleoptera: Anobiidae), and Rhyzopertha dominica (Coleoptera: Bostrichidae): Toxicity and mode of action. J. Econ. Entomol. 2020, 113, 1519–1527. [Google Scholar] [CrossRef]

	



Kim, B.S.; Shin, E.M.; Park, Y.J.; Yang, J.O. Susceptibility of the cigarette beetle Lasioderma serricorne (Fabricius) to phosphine, ethyl formate and their combination, and the sorption and desorption of fumigants on cured tobacco leaves. Insects 2020, 11, 599. [Google Scholar] [CrossRef]

	



Darby, J.; Willis, T.; Damcevski, K. Modelling the kinetics of ethyl formate sorption by wheat using batch experiments. Pest Manag. Sci. 2009, 65, 982–990. [Google Scholar] [CrossRef]








[image: Insects 13 00664 g001 550] 





Figure 1. Effects of EF fumigation alone and the two combination treatments on the control of D. suzukii. * Indicates a significant difference according to the t-test at p < 0.05. 
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Figure 2. Effects of cold treatment alone and the two combination treatments according to EF concentration (LCT50 and LCT80 values) and cold-temperature exposure time. * indicates a significant difference according to the t-test at p < 0.05. 
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Figure 3. EF sorption concentrations according to different grape loading ratios (0%, 5%, 10%, 15%, and 20%) during fumigation in a 12 L desiccator with 20 mg/L EF for 4 h. 
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Figure 4. Fumigation effects of combination treatment according to the grape loading ratio (10% and 15%) in a 0.65 m3 fumigation chamber. * indicates a significant difference according to the t-test at p < 0.05. 
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Table 1. Toxicity of EF against Drosophila suzukii in 12 L desiccator for 4 h of exposure at 20 °C.






Table 1. Toxicity of EF against Drosophila suzukii in 12 L desiccator for 4 h of exposure at 20 °C.





	Stage
	n
	LCT50 a (mg·h/L) (95% CL b)
	TR c
	LCT99 (mg·h/L) (95% CL)
	TR
	Slope ± SE
	df
	x2





	Egg
	2460
	53.03

(40.91–67.74)
	1.95
	216.67

(134.64~209.07)
	7.95
	3.81 ± 0.55
	3
	47.03



	Larva
	2490
	40.24

(37.14–43.40)
	1.48
	174.98

(147.10–218.55)
	6.42
	3.64 ± 0.25
	4
	215.54



	Pupa
	3400
	47.90

(45.14–50.71)
	1.76
	199.94

(170.35–245.09)
	7.34
	3.75 ± 0.24
	7
	242.68



	Adult
	2551
	<27.24
	1
	<27.24
	1
	-
	-
	-







a LCT50 and 99; 50% and 99% lethal concentration times. b Confidence limit. c Tolerance ratio.
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Table 2. Effect of cold temperature (1 °C and 5 °C) exposure time on the control of Drosophila suzukii.
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Stage

	
Temp. (°C)

	
n

	
LET a 50 (95% CL b)

	
TR c

	
LET99 (95% CL)

	
TR

	
df

	
Slope ± SE






	
Egg

	
1

	
1170

	
35.06

(31.87–38.08)

	
1.12

	
111.47

(96.58–134.68)

	
1

	
3

	
4.63 ± 0.37




	
5

	
730

	
45.83

(42.28–49.23)

	
1.46

	
135.42

(118.89–160.38)

	
1.21

	
3

	
4.94 ± 0.84




	
Larva

	
1

	
660

	
31.41

(27.45–35.02)

	
1

	
148.17

(121.83–193.39)

	
1.33

	
3

	
3.45 ± 0.88




	
5

	
1434

	
41.22

(37.42–44.87)

	
1.31

	
160.77

(136.04–200.60)

	
1.44

	
3

	
3.94 ± 0.47




	
Pupa

	
1

	
1109

	
49.13

(45.23–52.85)

	
1.56

	
160.46

(141.71–187.70)

	
1.44

	
5

	
4.53 ± 0.76




	
5

	
1350

	
63.68

(58.85–68.11)

	
2.03

	
189.14

(169.74–217.16)

	
1.70

	
5

	
4.9 ± 0.50




	
Adult

	
1

	
1082

	
58.75

(54.73–62.68)

	
1.87

	
184.52

(163.55–214.50)

	
1.66

	
5

	
4.68 ± 0.30




	
5

	
1150

	
77.08

(72.87–81.16)

	
2.45

	
194.77

(175.44–222.47)

	
1.75

	
5

	
5.78 ± 0.39








a Lethal exposure time (h). b Confidence limit. c Tolerance ratio.
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Table 3. Phytotoxicity to grapes of the combination of EF and cold treatment in a 0.65 m3 fumigation chamber.
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DAT a

	
Treatment

	
Weight Loss (%)

	
Berry Abscission (%)

	
Decay Rate (%)

	
Sugar Content (%, brix)

	
Mean Surface Color (Mean ± SE)




	
L

	
a

	
b






	
3

	
Control

	
2.1 ± 0.2

	
0.0 ± 0.0

	
0.0 ± 0.0

	
16.1 ± 0.4

	
105.6 ± 1.2

	
3.0 ± 0.4

	
−4.1 ± 1.4




	
Combination treatment

	
2.3 ± 0.1

	
0.0 ± 0.0

	
0.0 ± 0.0

	
16.5 ± 0.3

	
101.2 ± 1.1

	
2.6 ± 0.3

	
−1.8 ± 0.7




	
pb

	
0.456

	
-

	
-

	
0.452

	
0.060

	
0.433

	
0.388




	
7

	
Control

	
3.3 ± 0.3

	
0.0 ± 0.0

	
0.0 ± 0.0

	
15.9 ± 0.5

	
99.1 ± 0.6

	
1.0 ± 0.5

	
1.3 ± 0.9




	
Combination treatment

	
4.0 ± 0.9

	
0.0 ± 0.0

	
0.0 ± 0.0

	
16.4 ± 0.3

	
98.9 ± 1.0

	
1.1 ± 0.5

	
1.8 ± 0.5




	
p

	
0.558

	
-

	
-

	
0.430

	
0.918

	
0.828

	
0.641




	
10

	
Control

	
5.1 ± 0.6

	
0.0 ± 0.0

	
0.0 ± 0.0

	
16.4 ± 0.6

	
97.5 ± 0.5

	
−0.1 ± 0.4

	
3.6 ± 1.4




	
Combination treatment

	
5.6 ± 0.5

	
0.5 ± 0.5

	
1.3 ± 0.7

	
16.5 ± 1.1

	
95.6 ± 1.9

	
−0.2 ± 0.9

	
6.7 ± 1.4




	
p

	
0.511

	
0.423

	
0.185

	
0.939

	
0.384

	
0.957

	
0.182




	
14

	
Control

	
5.2 ± 0.3

	
0.0 ± 0.0

	
0.0 ± 0.0

	
16.6 ± 0.1

	
97.1 ± 1.3

	
−6.4 ± 1.0

	
8.3 ± 1.0




	
Combination treatment

	
6.2 ± 0.5

	
1.4 ± 0.7

	
1.6 ± 0.9

	
16.4 ± 0.3

	
96.8 ± 1.1

	
−7.5 ± 0.9

	
9.4 ± 0.8




	
p

	
0.462

	
0.184

	
0.209

	
0.633

	
0.154

	
0.472

	
0.435








a Day after treatment. b A t-test was used to compare the values (%, mean ± SE) of each quality criterion between the control and combination treatments.
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