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Abstract

:

Simple Summary


In recent years, there has been a resurgence of interest in silica-based powders as a non-chemical alternative for safeguarding stored food grains from stored product insects. Previous research has indicated that the red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), displays a higher tolerance to inert dusts. Nevertheless, the effectiveness of the inert dusts may be influenced by their elemental composition and physical characteristics. To investigate this further, we conducted contact tests in concrete arenas to evaluate the efficacy of two amorphous silica powders, labeled as silica powder 1 and silica powder 2, which were obtained from Imery’s Chemicals in Lompoc, CA, USA. Our findings revealed that exposing T. castaneum adults to silica powder 1, characterized by smaller particle sizes, was significantly more successful in inducing adult mortality and inhibiting the production of adult progeny at lower test concentrations compared to silica powder 2. Our results highlight the potential of these silica powders as a valuable tool for the control of T. castaneum for treating empty bin floors prior to the storage of newly harvested grains.




Abstract


The contact efficacy of two amorphous silica powders 1 and 2 procured from Imery’s chemicals, Lompoc, CA, USA, were evaluated against the red flour beetle, Tribolium castaneum (Herbst). The efficacy of the silica two powders was evaluated by exposing 10 adults of T. castaneum to twelve different concentrations of silica powder 1 and 2 for 12, 24, 36, and 48 h. Mortality assessments were made after 14 d, and data on adult progeny production were recorded at 42 d. Complete mortality of T. castaneum was observed when adults were exposed for 36 h to concentrations of 1.5 to 5 g/m2 of silica powder 1. Conversely, in tests with silica powder 2, complete mortality was only achieved when adults were exposed for 48 h to concentrations ranging from 0.75 to 5 g/m2. Silica powder 1 exhibited greater efficacy in inhibiting adult progeny production in T. castaneum, particularly at a concentration of 2.0 g/m2 after 24 h exposure. Overall, silica powder 1 displayed superior performance in terms of adult mortality and the suppression of T. castaneum adult progeny production. This advantage can be attributed to the smaller particle size of silica powder 1 when compared to silica powder 2.
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1. Introduction


The development of insect resistance to traditional insecticides and the increasing demand for insecticide food has increased the search for viable alternatives that are safer for application in stored product environments. Among various non-chemical alternatives used for safeguarding stored food products, there has been a renewed focus on the use of inert dusts in recent times. Inert dusts are dry powders that are chemically unreactive [1], and are now an integral part of the integrated pest management of stored product insects [2]. Inert dusts exhibit strong insecticidal activity with low mammalian toxicity [3,4,5]. Inert dusts applied in stored product environments have been shown to augment the efficacy of other pest management methods such as aeration, fumigation, and heat treatments, with success stories reported in Australia and USA [6,7]. Inert dusts, specifically diatomaceous earth and zeolites, are considered as viable alternatives to chemical insecticides [1,8]. Many studies have documented the effectiveness of inert dusts on stored product insects when admixed with grains [9,10,11,12,13,14,15,16,17]. Newer formulations of diatomaceous earths are very effective on stored product insects compared to older formulations which required higher application rates, often affecting the physical properties of grains [18,19]. However, studies pertaining to the use of inert dusts for surface treatments, including bins walls and floors, are very limited [8].



Silica dusts containing amorphous silica exhibit remarkable efficiency at lower application rates when compared to other formulations [18] and hence are used for structural treatments. Inert dusts affect insects by absorbing the lipids from the insects’ epicuticle, ultimately resulting in death by desiccation [1,18,20,21,22,23,24,25]. The susceptibility of stored product insects to diatomaceous earth is known to vary among species [18,19,26,27]. Stored product insects such as the Cryptolestes species are generally more susceptible to diatomaceous earth products, while the Sitophilus species are slightly less susceptible, whereas the Oryzaephilus species, the lesser grain borer, Rhyzopertha dominica (F.), and flour beetles, the Tribolium species, are the more tolerant ones [18,27,28,29]. Similarly, various researchers have indicated flour beetles, Tribolium spp., as the most tolerant insect species among stored product insects to inert dusts [27,30,31,32]. Yao [33] evaluated the efficacy of a synthetic zeolite against five stored product insects such as R. dominica, rice weevil, Sitophilus oryzae (L.), maize weevil, Sitophilus zeamais (Motschuslky), sawtoothed grain beetle, Oryzaephilus surinamensis (L.), and red flour beetle, Tribolium castaneum (Herbst). In his research, it was discovered that among the five species exposed to fine zeolite-treated concrete arenas at both 5 g/m2 and 10 g/m2, T. castaneum adults were the least susceptible. He observed that a minimum of 24 h exposure was needed to observe a 100% mortality of T. castaneum adults at the two tested concentrations.



The diatomaceous earth formulation, Protect-It, registered for use on raw grains and on floor surfaces, has shown to manage many stored product insects [3,18]. The surface application of Protect-It at a labelled rate of 0.5 g/m2 required an exposure time of 48 or 72 h to achieve complete mortality of T. castaneum, and the confused flour beetle, Tribolium confusum Jacquelin du Val, when the adults were not provided food after treatment [34]. A recent study from Greece [8] showed that T. confusum adults exposed to two diatomaceous earths, DE5 and DE 6, and zeolite-treated concrete surfaces at 0.5 and 1.0 g/m2, achieved complete mortality of adults after 3 days of exposure. In contact efficacy bioassays conducted in concrete arenas [35], DiaFil® 610 demonstrated 100% control of T. castaneum at application rates of 2.5 and 5.0 g/m2 after a 24 h exposure period. These studies indicate Tribolium species as one of the tolerant insect groups to inert dusts, and any research on inert dust formulations showing better efficacy on T. castaneum at lower application rates can be crucial in the effective management of T. castaneum. Moreover, the insecticidal activity of inert dusts can vary based on the geographical location, diatom species, pH, particle size distribution, internal surface area, and lipid adsorption capability [36,37]. Studies by Vayias et al. [38] showed that the smaller diatomaceous earth particles exhibit better insecticidal activity on beetle species. In this study, two candidate amorphous diatomaceous earths, supplied by Imery’s chemicals, Lompoc, CA, USA, referred to here as silica powders 1 and 2, were evaluated for their contact efficacy against T. castaneum using concrete arenas to simulate empty bin floors. The objective of this study was to determine the effect of silica powders 1 and 2 on adult mortality and progeny production of T. castaneum exposed for different concentrations and exposure periods.




2. Materials and Methods


2.1. Silica Powders


Two amorphous silica powders, 1 and 2, with different elemental composition, size, and shape characteristics, supplied by Imery’s chemicals, Lompoc, CA, USA, were used for the contact bioassays against T. castaneum. The elemental composition, particle size diameter, and shape characteristics of the two silica powders have been described in detail elsewhere (Manivannan and Subramanyam; accepted for publication in Journal of Stored Products Research). The silicon dioxide content in silica powder 1 was 94% and 97% for silica powder 2. The particles with diameters of 26.4 and 31.4 µm dominated the silica powder 1 and silica powder 2, respectively (Manivannan and Subramanyam, unpublished data).




2.2. Test Insects


Insects used in the experiments originated from colonies maintained in the Department of Grain Science and Industry, Kansas State University, Manhattan, KS, USA, since 1999. Insect cultures of T. castaneum (laboratory strain) were reared in 0.94 L glass mason jars containing 250 g of organic whole wheat flour (Great River Organic Milling Company, Fountain City, WI, USA) supplemented with 5% brewer’s yeast (by weight). The mason jars were secured with metal screens (250 µm) and filter paper lids (9 cm diameter) and placed inside a growth chamber under 28 °C and 65% r.h. with a 14:10 light:dark photoperiod.




2.3. Concrete Arenas


Rockite concrete mix (Rockite, Hartline Products Co., Inc., Cleveland, OH, USA) was used to make into a slurry using tap water mixed at 2:1 ratio. Concrete dishes were prepared by pouring the slurry into plastic Petri dishes of 9 cm diameter and 1.5 cm height (Fisher Scientific Co., LLC., Pittsburgh, PA, USA). The concrete-poured dishes were placed on a laboratory workbench allowing them to dry for 24 h. Following drying, the inner walls of the dishes were coated with a layer of polytetrafluoroethylene (Insect-a-Slip, BioQuip product, Inc, Rnach, Domnigeuz, CA, USA) to prevent insects from crawling on the sides of the dishes, thus avoiding contact with treated arenas [39,40]. The concrete arenas were used to simulate empty bin or silo floors.




2.4. Contact Efficacy


Three different tests were carried out to determine the effect of silica powders 1 and 2 on T. castaneum adults. In the first test, the concrete arenas were treated with silica powders 1 and 2 at twelve different concentrations: 0 (untreated control), 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 g/m2. After adding the required concentration of powders onto the dishes, a dissection needle was used to distribute the powders on the concrete arenas. Ten unsexed 1-4-week-old adults of T. castaneum were introduced to concrete arenas at each concentration of the silica powders for 12, 24, 36, and 48 h. There were five replications for each powder concentration–exposure combination. The concrete arenas were secured with lids and then placed inside the growth chamber at rearing conditions. After the intended exposure period, insects from each concrete arena were carefully transferred to individual 150 mL round-bottom plastic containers containing 30 g of whole wheat flour and 5% brewer’s yeast. After 14 d, the wheat flour was sieved using 595 µm sieve (US standard sieve 30) openings to separate the adults from flour. The data on insect mortality were determined by recording the number of dead insects from the total exposed. Insects that remained immobile when poked with a camel’s hairbrush were considered dead.



In the second test, the effect of silica powders 1 and 2 on the progeny production of T. castaneum was evaluated after 42 d. The protocol followed was similar to those mentioned in the first test. At 42 d, the adults were removed by sieving the diet using 595 µm sieve openings. The number of progeny production data was recorded by subtracting the ten parental adults from the total progeny counts.



In the third test, ten unsexed 1–4-week-old adults of T. castaneum were exposed to 5.0 g/m2 and 6.0 g/m2 of silica powder 1 and silica powder 2, respectively, for 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h. Five replications were maintained for each powder–concentration exposure period combination. In the third test, adults after intended exposure were handled similar to first and second tests including mortality assessment and adult progeny production data. Separate arenas were used for mortality and progeny production.




2.5. Data Analysis


Control mortality was absent across all exposure times and, therefore, the mortality data were not corrected for control mortality. The non-linear model, y = a + be−x, was fitted to the percentage mortality data of T. castaneum as a function of concentration of silica powder 1 and silica powder 2 for different exposure periods where possible, using Table Curve2D software, Version 5.01.01 (Jandel Scientific, San Rafael, CA, USA). The non-linear model, lny = a + bx0.5, was fitted to the progeny production data relative to the concentration of silica powders 1 and 2 at varying exposure durations where feasible using Table Curve2D software, Version 5.01.01. The non-linear model, y0.5 = a + bx0.5, was fitted to the adult mortality and progeny production data relative to the exposure period for silica powder 1 at 5.0 g/m² and silica powder 2 at 6.0 g/m². The non-linear model, y0.5 = a + bx0.5, was fitted to adult mortality and progeny production data as a function of exposure times for silica powder 1 at 5.0 g/m2 and silica powder 2 at 6.0 g/m2. The values for parameters a and b were determined by fitting equations to the data on adult mortality and progeny production relative to both concentration and exposure period. Each conceivable pairwise comparison between the silica powders and their respective exposure periods was carried out by comparing individual models with pooled models [41]. Any two models were considered statistically significant from one another (p < 0.05) when the F-test revealed that individual models differed from the pooled model. The data analysis was performed using SAS 9.4 software [42]. The graphs were generated using SigmaPlot 12.5 software (Systat, Software, Inc., San Jose, CA, USA).





3. Results


3.1. Responses of T. castaneum Adults to Silica Powders


The mean ± SE mortality of T. castaneum adults treated with 0.5 to 5 g/m2 of silica powder 1 in concrete arenas for 12, 24, 36, and 48 h ranged from 12 ± 5 to 100%. The minimum concentrations required for complete mortality of T. castaneum exposed to silica powder 1 for 24, 36, and 48 h were 5.0, 1.5, and 1.5 g/m2, respectively. On the other hand, complete mortality of T. castaneum adults was not achieved at any of the tested concentrations when they were exposed for 12 h to 0.5 to 5 g/m2 of silica powder 1 (Table 1). The mean ± SE mortality of T. castaneum adults treated with 0.5 to 5 g/m2 of silica powder 2 for 12, 24, 36, and 48 h ranged from 14 ± 5 to 100%. None of the tested concentrations resulted in complete mortality of T. castaneum when adults were treated with 0.5 to 5 g/m2 of silica powder 2 for 12, 24, and 36 h. However, the minimum concentration required for 100% mortality of adults exposed for 48 h to concrete arenas treated with silica powder 2 was 0.75 g/m2 (Table 1).



The increase in the percentage mortality of T. castaneum at increasing concentrations of silica powder 1 and 2 were non-linear. The fitted models effectively described the relationship between the mortality data of T. castaneum and the concentrations of silica powder 1 (r2, range = 0.75–0.87) (Figure 1) and silica powder 2 (r2, range = 0.63–0.94) (Figure 2), at 12, 24, 36, and 48 h. Comparisons of the non-linear models fitted for percentage insect mortality were significantly higher for silica powder 1 compared to silica powder 2 after 12 (F = 9.92; df = 2, 20; p = 0.0010), 24 (F = 64.79; df = 2, 20; p = 0.0000), and 36 h (F = 12.24; df = 2, 20; p = 0.0003). This indicates that silica powder 1 was more efficacious against T. castaneum adults compared to silica powder 2.



The non-linear model fitted to the percentage insect mortality data of silica powder 1 was not significantly different compared to silica powder 2 after 48 h exposure (F = 0.10; df = 2, 20; p = 0.9009). The mortality responses of T. castaneum exposed to silica powder 1 at 24 and 36 h (F = 0.95; df = 2, 20; p = 0.4047), 24 and 48 h (F = 1.29; df = 2, 20; p = 0.2976), and 36 and 48 h (F = 0.10; df = 2, 20; p = 0.9072) were not significantly different. However, all the other pairwise comparisons between exposure times for silica powder 1 (F, range = 16.41–24.17; df = 2, 20; p = 0.0000) and silica powder 2 (F, range = 7.81–56.70; df = 2, 20; p, range = 0.0000–0.0031) were significant (Table 2).



Complete mortality was observed when T. castaneum adults were exposed to 5.0 g/m2 of silica powder 1 for 22 h. Complete mortality of the adults was observed only after exposure for 24 h to 6.0 g/m2 of silica powder 2. The fitted models effectively described the association between the percentage mortality data and the exposure period of silica powder 1 (r2 = 0.98) and silica powder 2 (r2 = 0.98) (Figure 3). A comparison of the non-linear models fitted for the percentage insect mortality data as a function of the exposure period showed a significant difference between silica powder 1 and 2 (F = 10.41; df = 2, 22; p = 0.0007).




3.2. Adult Progeny Production


The mean ± SE adult progeny production observed in the controls ranged from 77.2 ± 6.6 to 96.4 ± 9.8. The adult progeny produced after exposure to 0.5 to 5.0 g/m2 of silica powder 1 for 12 to 48 h ranged from 0 to 39.8 ± 7.3. The minimal concentrations needed to completely suppress adult progeny production of T. castaneum when adults were exposed to concrete arenas treated with silica powder 1 for 24, 36, and 48 h were 2, 0.75, and 0.75 g/m², respectively. However, the complete inhibition of adult progeny production of T. castaneum was not attained in any of the tested concentrations when they were exposed to 0.5 to 5 g/m2 of silica powder 1 for 12 h (Table 3). The adult progeny produced after exposure to 0.5 to 5.0 g/m2 of silica powder 2 ranged from 0 to 67.2 ± 9.3. The minimum concentrations required to achieve complete inhibition of adult progeny production of T. castaneum after exposure to silica powder 2 for 36 and 48 h was 3 and 0.75 g/m2, respectively. However, complete inhibition of adult progeny production of T. castaneum was not attained at any of the tested concentrations when they were exposed to 0.5 to 5 g/m2 of silica powder 1 for 12 and 24 h (Table 3).



The decreases in the adult progeny production of T. castaneum at increasing concentrations of silica powder 1 and 2 were non-linear. The fitted models successfully described the relationship between the adult progeny production of T. castaneum and the concentrations of silica powder 1 (r2, range = 0.62–1.0) (Figure 4) and silica powder 2 (r2, range = 0.91–1.0) (Figure 5) after 12, 24, 36, and 48 h. The comparisons of the non-linear models fitted for adult progeny production were significantly higher for silica powder 2 compared to silica powder 1 after 12 (F = 44.17; df = 2, 20; p = 0.0000), 24 (F = 55.82; df = 2, 20; p = 0.0000), 36 h (F = 5.00; df = 2, 20; p = 0.0174), and 48 h (F = 30.04; df = 2, 20; p = 0.0000). This indicated that silica powder 1 was more effective against T. castaneum adults compared to silica powder 2 in inhibiting adult progeny production. The mortality responses of T. castaneum exposed to silica powder 1 at 24 and 36 h were not significantly different (F = 0.07; df = 2, 20; p = 0.9294). However, all the other pairwise comparisons for silica powder 1 (F, range = 12.75–151.54; df = 2, 20; p = 0.0000–0.0002) and silica powder 2 (F, range = 30.15–2173.74; df = 2, 20; p = 0.0000) were significant (Table 4).



Complete inhibition in adult progeny production of T. castaneum was observed in the third test when adults were treated with 5.0 g/m2 of silica powder 1 for 18 to 24 h. Complete inhibition in progeny production was also observed when adults were exposed to 6.0 g/m2 of silica powder 2 for 18 to 24 h. The fitted models successfully elucidated the relationship between adult progeny production and the exposure period of silica powder 1 (r2 = 0.91) and silica powder 2 (r2 = 0.95) (Figure 6). Comparisons of the non-linear models fitted for the adult progeny production data as a function of the exposure period showed no significant difference between silica powder 1 and 2 (F = 0.94; df = 2, 22; p = 0.4063).





4. Discussion


Many studies have investigated the effectiveness of inert dusts against the adults of T. castaneum [34,35,37,43,44,45,46]. The primary mode of action of inert dusts on insects involves the adsorption of the waxy cuticular layer leading to death by desiccation [1,20,22,47]. Mortality occurs when insects lose more than 60% of their water content from their body due to desiccation [20]. In a study conducted by Rigaur et al. [45], it was demonstrated that adult mortality in T. castaneum occurs when the insect’s body loses approximately 30 to 36% of its initial water content of 52–53%. A mortality assessment of T. castaneum adults carried out following exposure to silica powders 1 and 2 revealed that the insects became brittle, primarily due to desiccation and a subsequent reduction in the water content of their bodies.



The contact efficacy results showed that T. castaneum adults exhibited higher susceptibility to silica powder 1 compared to silica powder 2. We observed complete mortality of T. castaneum adults exposed for 36 h to 1.5 to 5 g/m2 of silica powder 1. Conversely, complete mortality was achieved when adults were exposed for 48 h to 0.75 to 5 g/m2 of silica powder 2. Fields et al. [48] evaluated the efficacy of four diatomaceous earth powders, Dryacide, Insecto, Perma-Guard, and Protect-It, against T. castaneum adults at 1.0 g/m2 exposed for 24 h followed by placement on untreated wheat for 7 days. They found that Dryacide was the most effective formulation leading to 96% mortality, followed by Protect-It which gave 55% mortality of adults, while the Insecto and Perma-Guard were the least effective, achieving mortalities of 7 and 13%, respectively. Our findings suggest that T. castaneum is a relatively tolerant species when it comes to inert dusts, requiring a minimum of 36 h exposure for complete adult mortality. This result is consistent with previous studies that have identified Tribolium species as the most tolerant stored product insect species to inert dusts [23,27,31,32,33].



The efficacy of inert dusts against stored product insects can vary based on several factors including the amorphous silica content, particle size, oil adsorption capacity, pH values (<8.5), clay quantity, and other impurities [16,18,23]. The manufacturer-provided elemental composition data for the two powders were related with the mortality response of the two silica powders. Regarding the silicon dioxide content, both powders exceeded 94%. Building on a prior hypothesis derived from our studies with R. dominica (Manivannan and Subramanyam, unpublished data), it is presumed that the silicon dioxide levels in silica powders 1 and 2 may have influenced the adsorption of epicuticular lipids from the insect’s integument, ultimately causing death by desiccation [1,49,50]. By comparing the particle diameters of the two silica powders, it was noted that silica powder 1 had a significantly smaller particle size (D10, D50, and D90 values of 4.61, 12.71, and 26.40) in comparison to silica powder 2 (D10, D50, and D90 values of 6.58, 15.84, and 31.43) (Manivannan and Subramanyam, unpublished data). Given this smaller particle size, silica powder 1 had a higher likelihood of adhering to the insect’s body, resulting in increased mortality. This finding aligns with previous research emphasizing the importance of smaller particle sizes for the improved insecticidal activity of inert dust against many insect pests [51,52,53,54,55]. The variation in the effectiveness of the two silica dusts may also arise from differences based on the particle accumulation from grain kernels which adhere to the insect’s body, leading to the adsorption of lipids from the insect’s cuticle [56,57]. However, in the present study, we did not study the adherence of these two silica powders on T. castaneum cuticle. Inert dusts with a higher oil adsorption capacity also demonstrated better insecticidal activity [58]. Despite the fact that silica powder 2 had an oil adsorption capacity 0.5 times higher than that of silica powder 1 (Manivannan and Subramanyam, unpublished data), we did not observe silica powder 2 surpassing silica powder 1 in terms of the mortality responses of T. castaneum adults.



We achieved complete mortality of T. castaneum when the adults were exposed to 5.0 g/m2 of silica powder 1 for 20 h. However, complete control of T. castaneum was achieved when adults were exposed for 24 h to 6.0 g/m2 of silica powder 2, indicating the lower efficacy of silica powder 2 compared to silica powder 1. Tadesse and Subramanyam [59], in studies with non-diatomaceous earth inert dusts from Ethiopia, such as filter cake and Triplex powders, indicated that the complete control of S. zeamais adults can be achieved at 7.5 g/m2 of filter cake and 10 g/m2 of Triplex powders after exposure for 24 h. However, T. castaneum is the most tolerant beetle species among stored product insects. The concentrations required for the complete mortality of adults of T. castaneum reported in the present study are lower than those observed by Tadesse and Subramanyam [59] in their studies with S. zeamais. This difference in the mortality response could be attributed to the lower silicon dioxide contents in filter cake (<54%) and Triplex (<70%) as compared to 94 and 97% observed for silica powders 1 and 2 in our study.



The adult progeny production of T. castaneum was inversely related to the powder concentration. We observed that the adult progeny production was completely inhibited when adults were treated with 2.0 to 5.0 g/m2 of silica powder 1 for 24 h. On the other hand, a complete inhibition of adult progeny production was observed when adults were treated with 3 to 5 g/m2 of silica powder 2 for 36 h. Tadesse and Subramanyam [59] reported complete inhibition of adult progeny production of S. zeamais after the exposure of adults to 7.5 to 10 g/m2 of filter cake and Triplex powders for 24 h. Complete inhibition of the adult progeny production of T. castaneum was observed when adults were exposed to 5.0 g/m2 of silica powder 1 and 6.0 g/m2 of silica powder 2 for 18 to 24 h. These results further affirmed that silica powder 1, with a smaller particle size diameter, was significantly effective in reducing adult progeny production compared to silica powder 2.




5. Conclusions


Our study provides a comprehensive evaluation of the efficacy of silica powders 1 and 2 against T. castaneum in concrete arenas simulating empty bin or silo floors. We observed a concentration–time dependent relationship between the application of these inert dusts and T. castaneum mortality. Silica powder 1, with its smaller particle size, proved more effective in reducing adult progeny production compared to silica powder 2. Interestingly, despite differences in the oil adsorption capacity, silica powder 1 outperformed silica powder 2 in terms of mortality response and the inhibition of adult progeny production, suggesting that factors beyond oil adsorption capability may play a pivotal role in the insecticidal action of these powders. Our results highlight the potential of these silica powders as a valuable tool for the control of T. castaneum for treating empty bin floors prior to the storage of new grains.







Author Contributions


Conceptualization, S.M.; methodology, S.M. and B.S.; software, S.M. and B.S.; formal analysis, S.M.; investigation, S.M.; resources, B.S.; data curation, S.M.; writing—original draft preparation, S.M.; writing—review and editing, S.M. and B.S.; supervision, B.S.; project administration, B.S.; funding acquisition, B.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported through a Graduate Research Assistantship provided to S.M. by the Department of Grain Science and Industry, Kansas State University.




Data Availability Statement


Data can be made available upon request.




Acknowledgments


The first author is grateful to the Department of Grain Science and Industry, Kansas State University for supporting this research through a graduate research assistantship. The authors thank Imery’s Chemicals, Lompoc, CA, for providing the two amorphous silica powders for this research. This paper is contribution number 24-057-J of the Kansas Agricultural Experiment Station.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Subramanyam, B.; Roesli, R. Inert dusts. In Alternatives to Pesticides in Stored-Product IPM; Springer: Boston, MA, USA, 2000; pp. 321–380. [Google Scholar]

	



Korunić, Z. Enhanced diatomaceous earth: An alternative to methyl bromide. Aust. J. Technol. 1999, 2, 95–104. [Google Scholar]

	



Korunić, Z.; Fields, P.G.; Kovacs, M.I.P.; Noll, J.S.; Lukow, O.M.; Demianyk, C.J.; Shibley, K.J. The effect of diatomaceous earth on grain quality. Postharvest Biol. Technol. 1996, 9, 373–387. [Google Scholar] [CrossRef]

	



Korunić, Z.; Cenkowski, S.; Fields, P. Grain bulk density as affected by diatomaceous earth and application method. Postharvest Biol. Technol. 1998, 13, 81–89. [Google Scholar] [CrossRef]

	



Cook, D.A.; Armitage, D.M. The efficacy of Dryacide, an inert dust, against two species of Astigmatid mites, Glycyphagus destructor and Acarus siro, at nine temperature and moisture content combinations on stored grain. Exp. Appl. Acarol. 1999, 23, 51–63. [Google Scholar] [CrossRef]

	



Winks, R.G.; Russell, G.F. Effectiveness of SIROFLO® in vertical silos. In Proceedings of the 6th International Working Conference on Stored-Product Protection, Canberra, NSW, Australia, 17–23 April 1994; pp. 1245–1249. [Google Scholar]

	



Fields, P.G.; Dowdy, A.K.; Marcotte, M. Structural Pest Control: The Use of an Enhanced Diatomaceous Earth Product Combined with Heat Treatment for the Control of Insect Pests in Food Processing Facilities; Environmental Bureau, Agriculture and Agri-Food Canada: Ottawa, ON, Canada; United States Department of Agriculture: Washington, DC, USA, 1997; p. 25. [Google Scholar]

	



Baliota, G.V.; Athanassiou, C.G. Evaluation of inert dusts on surface applications and factors that maximize their insecticidal efficacy. Appl. Sci. 2023, 13, 2767. [Google Scholar] [CrossRef]

	



Arthur, F.H.; Puterka, G.J. Evaluation of kaolinite-based particle films to control Tribolium species (Coleoptera: Tenebrionidae). J. Stored Prod. Res. 2002, 38, 341–348. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Kavallieratos, N.G.; Tsaganou, F.C.; Vayias, B.J.; Dimizas, C.B.; Buchelos, C.T. Effect of grain type on the insecticidal efficacy of SilicoSec against Sitophilus oryzae (L.) (Coleoptera: Curculionidae). Crop Prot. 2003, 22, 1141–1147. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Kavallieratos, N.G.; Vayias, B.J.; Tsakiri, J.B.; Mikeli, N.H.; Meletsis, C.M.; Tomanović, Ž. Persistence and efficacy of Metarhizium anisopliae (Metschnikoff) Sorokin (Deuteromycotina: Hyphomycetes) and diatomaceous earth against Sitophilus oryzae (L.) (Coleoptera: Curculionidae) and Rhyzopertha dominica (F.) (Coleoptera: Bostrychidae) on wheat and maize. Crop Prot. 2008, 27, 1303–1311. [Google Scholar] [CrossRef]

	



Demissie, G.; Tefera, T.; Tadesse, A. Efficacy of Silicosec, filter cake and wood ash against the maize weevil, Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) on three maize genotypes. J. Stored Prod. Res. 2008, 44, 227–231. [Google Scholar] [CrossRef]

	



Nukenine, E.K.; Goudoungou, J.W.; Adler, C.; Reichmuth, C. Efficacy of diatomaceous earth and botanical powders against the maize weevil, Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) on maize. Julius-Kühn-Archiv 2010, 425, 881. [Google Scholar] [CrossRef]

	



Jean, W.G.; Nchiwan, N.E.; Dieudonné, N.; Christopher, S.; Adler, C. Efficacy of diatomaceous earth and wood ash for the control of Sitophilus zeamais in stored maize. J. Entomol. Zool. 2015, 3, 390–397. [Google Scholar]

	



Fazlabad, M.G.; Badihi, M.A.; Khormizi, M.Z. Effect of grain type on the insecticidal efficacy of Paya® against Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae). Acta Phytopathol. Entomol. Hung. 2017, 52, 265–274. [Google Scholar] [CrossRef]

	



Liška, A.; Korunić, Z.; Rozman, V.; Halamić, J.; Galović, I.; Lucić, P.; Baličević, R. Efficacy of nine Croatian inert dusts against rice weevil Sitophilus oryzae L. (Coleoptera: Curculionidae) on wheat. Emir. J. Food Agric. 2017, 29, 485–494. [Google Scholar] [CrossRef]

	



Tadesse, T.M.; Subramanyam, B.; Zhu, K.Y.; Campbell, J.F. Contact toxicity of filter cake and triplex powders from Ethiopia against adults of Sitophilus zeamais (Coleoptera: Curculionidae). J. Econ. Entomol. 2019, 112, 1469–1475. [Google Scholar] [CrossRef] [PubMed]

	



Korunić, Z. Diatomaceous earths, a group of natural insecticides. J. Stored Prod. Res. 1998, 34, 87–97. [Google Scholar] [CrossRef]

	



Subramanyam, B.; Madamanchi, N.; Norwood, S. Effectiveness of Insecto applied to shelled maize against stored-product insect larvae. J. Econ. Entomol. 1998, 91, 280–286. [Google Scholar] [CrossRef]

	



Ebeling, W. Sorptive dusts for pest control. Ann. Rev. Entomol. 1971, 16, 123–158. [Google Scholar] [CrossRef] [PubMed]

	



Shawir, M.; Le Patourel, G.N.J.; Moustafa, F.I. Amorphous silica as an additive to dust formulations of insecticides for stored grain pest control. J. Stored Prod. Res. 1988, 24, 123–130. [Google Scholar] [CrossRef]

	



Mewis, I.; Ulrichs, C. Action of amorphous diatomaceous earth against different stages of the stored product pests Tribolium confusum, Tenebrio molitor, Sitophilus granarius and Plodia interpunctella. J. Stored Prod. Res. 2001, 37, 153–164. [Google Scholar] [CrossRef]

	



Korunić, Z. Diatomaceous earths: Natural insecticides. Pestic. Fitomed. 2013, 28, 77–95. [Google Scholar] [CrossRef]

	



Mutambuki, K. The influence of grain moisture content on the efficacy of silica dust on Prostephnus truncatus (Horn) (Coleoptera: Bostrichidae) and Sitophilus zeamais (Motsch) (Coleoptera: Curculionidae). J. Stored Prod. Postharvest Res. 2013, 4, 23–29. [Google Scholar] [CrossRef]

	



Malia, H.A.E.; Rosi-Denadai, C.A.; Guedes, N.M.P.; Martins, G.F.; Guedes, R.N.C. Diatomaceous earth impairment of water balance in the maize weevil, Sitophilus zeamais. J. Pestic. Sci. 2016, 89, 945–954. [Google Scholar] [CrossRef]

	



Carlson, S.D.; Ball, H.J. Mode of action and insecticidal value of a diatomaceous earth as a grain protectant. J. Econ. Entomol. 1962, 55, 964–970. [Google Scholar] [CrossRef]

	



Desmarchelier, J.M.; Dines, J.C. Dryacide treatment of stored wheat: Its efficacy against insects, and after processing. Aust. J. Exp. Agric. 1987, 27, 309–312. [Google Scholar] [CrossRef]

	



Golob, P. Current status and future perspectives for inert dusts for control of stored product insects. J. Stored Prod. Res. 1997, 33, 69–79. [Google Scholar] [CrossRef]

	



Arthur, F.H. Immediate and delayed mortality of Oryzaephilus surinamensis (L.) exposed on wheat treated with diatomaceous earth: Effects of temperature, relative humidity, and exposure interval. J. Stored Prod. Res. 2001, 37, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Arnaud, L.; Lan, H.T.T.; Brostaux, Y.; Haubruge, E. Efficacy of diatomaceous earth formulations admixed with grain against populations of Tribolium castaneum. J. Stored Prod. Res. 2005, 41, 121–130. [Google Scholar] [CrossRef]

	



Maceljski, M.; Korunić, Z. Contribution to the knowledge of the mechanism of acting of inert dusts against insects. Plant Prot. 1972, 22, 117–118. [Google Scholar]

	



Fields, P.G.; Muir, W.E. Physical Control. In Management of Insects in Stored Products; Subramanyam, B., Hagstrum, D., Eds.; Marcel-Dekker Inc.: New York, NY, USA, 1995; pp. 195–222. [Google Scholar]

	



Yao, K. Efficacy of a Synthetic Zeolite against Five Species of Stored-Grain Insects on Concrete and Wheat. Ph.D. Thesis, Kansas State University, Manhattan, KS, USA, 2014. [Google Scholar]

	



Arthur, F.H. Impact of food source on survival of red flour beetles and confused flour beetles (Coleoptera: Tenebrionidae) exposed to diatomaceous earth. J. Econ. Entomol. 2000, 93, 1347–1356. [Google Scholar] [CrossRef]

	



Frederick, J.L.; Subramanyam, B. Influence of temperature and application rate on efficacy of a diatomaceous earth formulation against Tribolium castaneum adults. J. Stored Prod. Res. 2016, 69, 86–90. [Google Scholar] [CrossRef]

	



Korunić, Z. Rapid assessment of the insecticidal value of diatomaceous earths without conducting bioassays. J. Stored Prod. Res. 1997, 33, 219–229. [Google Scholar] [CrossRef]

	



Fields, P.; Korunic, Z. The effect of grain moisture content and temperature on the efficacy of diatomaceous earths from different geographical locations against stored-product beetles. J. Stored Prod. Res. 2000, 36, 1–13. [Google Scholar] [CrossRef]

	



Vayias, B.J.; Athanassiou, C.G. Factors affecting the insecticidal efficacy of the diatomaceous earth formulation SilicoSec against adults and larvae of the confused flour beetle, Tribolium confusum DuVal (Coleoptera: Tenebrionidae). Crop Prot. 2004, 23, 565–573. [Google Scholar] [CrossRef]

	



Sehgal, B.; Subramanyam, B. Efficacy of a new deltamethrin formulation on concrete and wheat against adults of laboratory and field strains of three stored-grain insect species. J. Econ. Entomol. 2014, 107, 2229–2238. [Google Scholar] [CrossRef] [PubMed]

	



Tadesse, T.M.; Subramanyam, B. Efficacy of filter cake and Triplex powders from Ethiopia applied to wheat against Sitophilus zeamais and Sitophilus oryzae. J. Stored Prod. Res. 2018, 79, 40–52. [Google Scholar] [CrossRef]

	



Draper, N.R.; Smith, H. Applied Regression Analysis, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 1998; p. 326. [Google Scholar]

	



SAS Institute. SAS/OR 9.3 User’s Guide: Mathematical Programming Examples; SAS Institute: Cary, NC, USA, 2012. [Google Scholar]

	



Le Patourel, G.N.J. The effect of grain moisture content on the toxicity of a sorptive silica dust to four species of grain beetle. J. Stored Prod. Res. 1986, 22, 6349. [Google Scholar] [CrossRef]

	



Dowdy, A.K. Mortality of red flour beetle, Tribolium castaneum (Coleoptera: Tenebrionidae) exposed to high temperature and diatomaceous earth combinations. J. Stored Prod. Res. 1999, 35, 175–182. [Google Scholar] [CrossRef]

	



Rigaux, M.; Haubruge, E.; Fields, P.G. Mechanisms for tolerance to diatomaceous earth between strains of Tribolium castaneum. Entomol. Exp. Appl. 2001, 101, 33–39. [Google Scholar] [CrossRef]

	



Baldassari, N.; Prioli, C.; Martini, A.; Trotta, V.; Baronio, P. Insecticidal efficacy of a diatomaceous earth formulation against a mixed age population of adults of Rhyzopertha dominica and Tribolium castaneum as function of different temperature and exposure time. Bull. Insectol. 2008, 61, 355–360. [Google Scholar]

	



Prasantha, B.R.; Reichmuth, C.; Büttner, C. Effect of diatomaceous earths on the reproductive performance of Callosobruchus maculatus (F). In Advances in Stored Product Protection, Proceedings of the 8th International Working Conference on Stored Product Protection, Wallingford, UK, 22–26 July 2003; CABI: London, UK, 2003; pp. 22–26. [Google Scholar]

	



Fields, P.G.; Allen, S.; Korunic, Z.; McLaughlin, A.; Stathers, T. Standardized testing for diatomaceous earth. In Advances in Stored Product Protection, Proceedings of the 8th International Working Conference on Stored Product Protection, York, UK, 22–26 July 2002; CABI: London, UK, 2002; pp. 779–784. [Google Scholar]

	



Maceljski, M.; Korunic, Z. The Effectiveness against Stored-Product Insects of Inert Dusts, Insect Pathogens, Temperature and Humidity; Project No. E30-MQ-I. Grant USDA/YU No. FG-YU-130. Final Report; Elsevier: Zagreb, Croatia, 1972; p. 151. [Google Scholar]

	



Astuti, L.P.; Maula, R.; Rizali, A.; Mario, M.B. Effect of Five Types Inert Dust to Rhyzopertha dominica (Fabricius) (Coleoptera: Bostrichidae) in Stored Rice Seeds. J. Exp. Life Sci. 2019, 9, 164–169. [Google Scholar] [CrossRef]

	



Alexander, P.; Kitchener, J.A.; Briscoe, H.V.A. Inert dust insecticides: Part I. Mechanism of action. Ann. Appl. Biol. 1944, 31, 143–149. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Kavallieratos, N.G.; Andris, N.S. Insecticidal effect of three diatomaceous earth formulations against adults of Sitophilus oryzae (Coleoptera: Curculionidae) and Tribolium confusum (Coleoptera: Tenebrionidae) on oat, rye, and triticale. J. Econ. Entomol. 2004, 97, 2160–2167. [Google Scholar] [CrossRef] [PubMed]

	



Athanassiou, C.G.; Kavallieratos, N.G.; Chiriloaie, A.; Vassilakos, T.N.; Fatu, V.; Drosu, S.; Ciobanu, M.; Dudoiu, R. Insecticidal efficacy of natural diatomaceous earth deposits from Greece and Romania against four stored grain beetles: The effect of temperature and relative humidity. Bull. Insectol. 2016, 69, 25–34. [Google Scholar]

	



Kavallieratos, N.G.; Athanassiou, C.G.; Vayias, B.J.; Kotzamanidis, S.; Synodis, S.D. Efficacy and adherence ratio of diatomaceous earth and spinosad in three wheat varieties against three stored-product insect pests. J. Stored Prod. Res. 2010, 46, 73–80. [Google Scholar] [CrossRef]

	



Rumbos, C.I.; Sakka, M.; Berillis, P.; Athanassiou, C.G. Insecticidal potential of zeolite formulations against three stored-grain insects, particle size effect, adherence to kernels and influence on test weight of grains. J. Stored Prod. Res. 2016, 68, 93–101. [Google Scholar] [CrossRef]

	



Le Patourel, G.N.J.; Shawir, M.; Moustafa, F.I. Accumulation of mineral dusts from wheat by Sitophilus oryzae (L.) (Coleoptera: Curculionidae). J. Stored Prod. Res. 1989, 25, 65–72. [Google Scholar] [CrossRef]

	



Filipović, R.; Lazić, D.; Perušić, M.; Stijepović, I. Oil absorption in mesoporous silica particles. Process. Appl. Ceram. 2010, 4, 265–269. [Google Scholar] [CrossRef]

	



Stadler, T.; Buteler, M.; Weaver, D.K.; Sofie, S. Comparative toxicity of nanostructured alumina and a commercial inert dust for Sitophilus oryzae (L.) and Rhyzopertha dominica (F.) at varying ambient humidity levels. J. Stored Prod. Res. 2012, 48, 81–90. [Google Scholar] [CrossRef]

	



Tadesse, T.M.; Subramanyam, B. Efficacy of filter cake and Triplex powders from Ethiopia applied to concrete arenas against Sitophilus zeamais. J. Stored Prod. Res. 2018, 76, 140–150. [Google Scholar] [CrossRef]








[image: Insects 14 00833 g001] 





Figure 1. Percentage mortality of T. castaneum adults at 14 d after exposure to concrete arenas treated with silica powder 1 at different concentrations and exposure times. 
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Figure 2. Percentage mortality of T. castaneum adults at 14 d after exposure to concrete arenas treated with silica powder 2 at different concentrations and exposure times. 






Figure 2. Percentage mortality of T. castaneum adults at 14 d after exposure to concrete arenas treated with silica powder 2 at different concentrations and exposure times.
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Figure 3. Percentage mortality of T. castaneum adults at 14 d after exposure to concrete arenas treated with 5.0 g/m2 of silica powder 1 and 6.0 g/m2 of silica powder 2 for various exposure times. 
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Figure 4. Adult progeny production from T. castaneum adults at 42 d after exposure to concrete arenas treated with silica powder 1 at different concentrations and exposure times. 
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Figure 5. Adult progeny production from T. castaneum adults at 42 d after exposure to concrete arenas treated with silica powder 2 at different concentrations and exposure times. 
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Figure 6. Adult progeny production from T. castaneum adults at 42 d after exposure to concrete arenas treated with 5.0 g/m2 of silica powder 1 and 6.0 g/m2 of silica powder 2 for various time periods. 






Figure 6. Adult progeny production from T. castaneum adults at 42 d after exposure to concrete arenas treated with 5.0 g/m2 of silica powder 1 and 6.0 g/m2 of silica powder 2 for various time periods.
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Table 1. Minimum concentration (g/m2) required for 100% mortality of T. castaneum exposed to two amorphous silica powders treated concrete arenas for different time periods.






Table 1. Minimum concentration (g/m2) required for 100% mortality of T. castaneum exposed to two amorphous silica powders treated concrete arenas for different time periods.





	
Silica Powder

	
Concentration (g/m2)




	
12 h

	
24 h

	
36 h

	
48 h






	
Silica 1

	
_ *

	
5.0

	
1.5

	
1.5




	
Silica 2

	
_ *

	
_ *

	
_ *

	
0.75








_ * Complete mortality was not achieved at any of the tested concentrations. 













 





Table 2. Pairwise comparison of non-linear models fitted to concentration and 14 d mortality data of T. castaneum adults exposed to silica powders 1 and 2.






Table 2. Pairwise comparison of non-linear models fitted to concentration and 14 d mortality data of T. castaneum adults exposed to silica powders 1 and 2.












	Powder
	Exposure Times

Compared
	F-Value
	df
	p-Value





	Silica 1
	12 h vs. 24 h
	16.4086
	2, 20
	0.0001 *



	
	12 h vs. 36 h
	23.9973
	2, 20
	0.0000 *



	
	12 h vs. 48 h
	24.1673
	2, 20
	0.0000 *



	
	24 h vs. 36 h
	0.9469
	2, 20
	0.4047



	
	24 h vs. 48 h
	1.2886
	2, 20
	0.2976



	
	36 h vs. 48 h
	0.0098
	2, 20
	0.9072



	Silica 2
	12 h vs. 24 h
	7.81
	2, 20
	0.0031 *



	
	12 h vs. 36 h
	70.49
	2, 20
	0.0000 *



	
	12 h vs. 48 h
	56.70
	2, 20
	0.0000 *



	
	24 h vs. 36 h
	55.11
	2, 20
	0.0000 *



	
	24 h vs. 48 h
	41.54
	2, 20
	0.0000 *



	
	36 h vs. 48 h
	8.80
	2, 20
	0.0018 *







* Significant (p < 0.05).













 





Table 3. Minimum concentration (g/m2) required for complete inhibition of adult progeny production of T. castaneum exposed to two amorphous silica powder-treated concrete arenas for different time periods.






Table 3. Minimum concentration (g/m2) required for complete inhibition of adult progeny production of T. castaneum exposed to two amorphous silica powder-treated concrete arenas for different time periods.





	
Silica Powder

	
Concentration (g/m2)




	
12 h

	
24 h

	
36 h

	
48 h






	
Silica 1

	
_ *

	
2.0

	
0.75

	
0.75




	
Silica 2

	
_ *

	
_ *

	
3.0

	
0.75








_ * Complete inhibition in adult progeny not achieved at any of the tested concentrations.













 





Table 4. Pairwise comparison of non-linear models fitted to concentration and 42 adult progeny production data of T. castaneum adults exposed to silica powders 1 and 2.






Table 4. Pairwise comparison of non-linear models fitted to concentration and 42 adult progeny production data of T. castaneum adults exposed to silica powders 1 and 2.












	Powder
	Exposure Times

Compared
	F-Value
	df
	p-Value





	Silica 1
	12 h vs. 24 h
	23.99
	2, 20
	0.0000 *



	
	12 h vs. 36 h
	12.75
	2, 20
	0.0003 *



	
	12 h vs. 48 h
	151.74
	2, 20
	0.0000 *



	
	24 h vs. 36 h
	0.07
	2, 20
	0.9294



	
	24 h vs. 48 h
	15.52
	2, 20
	0.0001 *



	
	36 h vs. 48 h
	13.58
	2, 20
	0.0002 *



	Silica 2
	12 h vs. 24 h
	15.60
	2, 20
	0.0001 *



	
	12 h vs. 36 h
	127.44
	2, 20
	0.0000 *



	
	24 h vs. 36 h
	67.44
	2, 20
	0.0000 *



	
	24 h vs. 48 h
	2173.74
	2, 20
	0.0000 *



	
	36 h vs. 48 h
	120.13
	2, 20
	0.0000 *







* Significant (p < 0.05).
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