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Abstract:

Corn weevil, Sitophilus zeamais Motschulsky, is a primary pest of stored grain causing significant quantitative and qualitative
loss worldwide; its control mainly depends on synthetic insecticides such as organophosphates and pyrethroids. Several organic
compounds derived from plant such as ketones represent “green” alternatives to conventional pesticides. e aim of this study
was to develop a bioactive silo bag with natural formulation consisting of plant-based ketones (binary mixture of thymoquinone
and pulegone 1:1 mass ratio) in its inner layer (LDPE) to compare the efficiency of the process and relationship with the
physicochemical properties of the molecules. us, we evaluated their optical, chemical, mechanical and biological properties. No
differences in the morphology between the active and control silo bags were found. e repellent and insecticidal activities of the
bioactive silo bag were tested against S. zeamais, primary pest of storage crops, showing a repellent index (RI) around 70% and
100% mortality, respectively. erefore, a formulation with organic compounds (pulegone and thymoquinone) incorporated in
the hermetic structure of the storage system could be used as an eco-friendly tool for sustainable pest management.
Keywords: Silo bag, multilayer co-extrusion process, terpene ketones, corn weevil.

Resumen:

El gorgojo del maíz, Sitophilus zeamais Motschulsky, es una plaga primaria de granos almacenados que causa pérdidas significativas
cuantitativas y cualitativas en todo el mundo; su control depende principalmente de insecticidas sintéticos como organofosforados
y piretroides. Varios compuestos orgánicos derivados de plantas como las cetonas representan una alternativa “verde” a los
pesticidas convencionales. El objetivo del presente estudio fue desarrollar un silo bolsa bioactivo incorporando en la capa interna
(PEBD) una formulación que consiste en cetonas de origen vegetal (mezcla binaria de timoquinona y pulegona en una relación de
masa 1:1) para comparar la eficiencia del proceso y la relación con las propiedades fisicoquímicas de las moléculas. Así, evaluamos
sus propiedades ópticas, químicas, mecánicas y biológicas. No se encontraron diferencias en la morfología entre el silo bolsa activo
y control. Las actividad repelente e insecticida del silo bolsa bioactivo se probaron contra S. zeamais, plaga principal de los granos
almacenados, mostrando un índice repelente (IR) de alrededor del 70 % y 100 % de mortalidad, respectivamente. Por lo tanto,
la formulación con compuestos orgánicos (pulegona y timoquinona) incorporados a la estructura hermética de almacenamiento
podría utilizarse como una herramienta ecológica para el manejo sostenible de plagas.
Palabras clave: Silo bolsa, tecnología de coextrusión, cetonas terpénicas, picudo del maíz.

INTRODUCTION

Corn weevil, S. zeamais, is a primary pest of stored grain causing significant quantitative and qualitative losses
(Acheampong et al., 2019); its control mainly depends on synthetic insecticides such as organophosphates
and pyrethroids (Carpaneto et al., 2016; Vélez et al., 2017). Recently, there has been a growing interest in
organic products as in organic agriculture, where sustainable pest management comprises biological control
agents with microorganisms, and green chemicals (Hasan et al., 2021; Souto et al., 2021). However, few
works describe the developedment of active packaging for protection crops during storage (Goñi et al., 2017;
Herrera et al., 2017; Herrera et al., 2021). For this reason, developments of new sustainable technologies
for pest management, which include “green” organic compounds, are required. Plant-based terpenes are
easily biodegradable, they have shown no described resistance and are environmentally friendly (EPA, 2022).
Hence, the European Union (EU) approved the use of their derivatives for controlling pest (Commission
implementing regulation (EU) 485/2013, 2018). Terpenes showed insecticidal, repellent and fungicidal
effects toward pests of stored products (Herrera et al., 2015; Pizzolitto et al., 2015; Herrera et al., 2017).
Particularly, thymoquinone and pulegone are α β-unsaturated ketones reported as the most toxic terpenes
against insects of stored grains (Chan, 2008; Pérez-Garrido et al., 2010; Yildirim et al., 2013; Herrera et al.,
2015). ese ketones are extracted from several plants such as Nigella sativa and Mentha sp, respectively,
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by hydrodistillation (Demo et al., 2005). In addition, these compounds are moderately toxic in mammals
(EPA, 2022), used as antioxidant food (Nair, 2001; Woo et al., 2012). In a previous study, formulation
with these ketones showed synergistic effect with a lethal concentration (LC50) value of 7.12 μL/L air, lower
than that found in individual compounds (Herrera et al., 2015; Pizzolitto et al., 2015; Herrera et al., 2017).
ese ketones act by inhibiting the Acetylcholinesterase (AChE) enzyme (Herrera et al., 2015). Ketones
have high volatility and reactivity to external factors. To protect and retain them, previous work showed
the incorporation of natural compounds into the polymeric matrix as low-density polyethylene LDPE and
LDPE/ sepiolite nanocomposite films by supercritical CO. impregnation (Goñi et al., 2017; Herrera et al.,
2017). However, to develop active packaging at an industrial level, the technique of impregnation with
supercritical CO. is not frequently used. e multilayer co-extrusion is a low-cost conventional process
industrially relevant in developing bags as in the silo bag system made with a mixture of polyethylene
(IpesaSilo 2021). In the field, the multilayer silo bag is used for protecting stored cereal grains, and acts as
a hermetic system holding around 200 tons, 60 m long and 2.7 in widths. During storage of grains in silo
bag, an atmosphere poor in O.and rich in CO2 prevents the development or infestation of pests, including
insects and fungi (Freitas et al., 2016; Silva et al., 2018). However, the system could be damaged by improper
management, creating an environment unable to control pest (Subramanyam et al., 2012). Due to this, in
silo bags phosphine fumigation is used (Ridley et al., 2011; Carpaneto et al., 2016). e aim of this study
was to develop a three-layer bioactive silo bag with the addition of insecticidal formulation ketones (binary
mixture of thymoquinone and pulegone 1:1 mass ratio) in its inner layer (LDPE). us, we evaluated the
optical, chemical and mechanical properties of the bioactive silo bag. e repellent and insecticidal activity of
the bioactive silo bag was also tested against S. zeamais, a primary pest of storage crops (Almeida et al., 2014).

MATERIALS AND METHODS

Materials

Natural insecticides, R-(+)-pulegone and thymoquinone were purchased from Sigma-Aldrich (Steinheim,
Germany). Methanol (grade HPLC) was provided from Sintorgan (Argentina). Braskem Idesa (México)
supplied pellets of LDPE and HDPE for the manufacture of silo bags. Stabilizing additives (UV and light
blocking) such as titanium dioxide (TiO2) and carbon black were purchased from Ampacet (México).

Insects

Weevils of S. zeamais Motschulsky (Coleoptera: Curculionidae) were collected from INTA Manfredi,
Córdoba, Argentina. Adult insects were reared on maize grains, without exposure to pesticides, in unsealed
containers at 28 ºC under a 12:12 h light-dark cycle (FAO 1974) and 70% humidity. Adult weevils of S.
zeamais were used, both sexes and with different age in all experiments.

Development of bioactive silo bag

A prototype three-layer silo bag of pilot size was manufactured by co-extrusion process. It was mixing
pellets of LDPE (internal and middle layers) and HDPE (external layer) and UV stabilizers (middle and
external layer) (Beutelspacher, México CDMX, México), at Centro de Investigación en Alimentación y
Desarrollo, A.C. campus Hermosillo, México, following conditions similar to those described in a previous
study (Herrera et al., 2021). Temperature range was 100-150 ºC for LDPE and 130-160 ºC for HDPE. An
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insecticide formulation consisting of terpene ketones (binary mixture of thymoquinone and pulegone, 1:1
mass ratio) was incorporated in the inner layer (LDPE) of the silo bag at an 8% w/w. e control silo bag
was made without the insecticide formulation. It was used a micrometer apparatus to measure the thickness
in the silo bags (E.J. CADY & CO, USA).

Optical, mechanical and chemical characterization of active silo bag

Five samples of silo bags (bioactive and control) were characterized following the methodology described by
Herrera et al. (2021). Briefly, optical characterization was performed through Confocal Laser Microscopy
(OLYMPUS LEXT OLS4000), and light transmission (UV-VIS) was analyzed with spectrophotometer
(Varian Cary 50, Mulgrave, Victoria, Australia) at 400-500 nm. Were performed Mechanical studies by
tensile testing following ASTM standards (D 882-02). Finally, chemical characterization was carried out by
Fourier Transform Infrared (FTIR) spectrophotometer (ermo Scientific, Nicolet IS50 FTIR, USA) using
a wavenumber range of 600-4000 cm-1 with 32 scans.

Bioinsecticide quantification from the silo bag

e quantification of bioinsecticide compounds was performed in methanol extracts following the
methodology described by Herrera et al. (2021). Five samples of 5 × 5 cm were placed in amber vials (40 mL)
with 10 mL of methanol. e vials were then placed in the sonicator (TESLAB, TB04TDCD, Argentina)
at 40 ºC for 5 h. Gas chromatograph analysis in a Clarus 600 GC-MS Perkin-Elmer (GCMS) was used to
identified and quantified the terpene ketones. Bioinsecticide components were separated in a DB-5 (30 m,
0.25 mm ID, 0.25 μm film thickness) capillary column. Helium was used as the carrier gas (flow rate 1 mL/
min), and compounds were identified by comparing their retention times and mass spectra with published
data (Adams, 2007) and available libraries (NIST, 2014). Mainly compounds were confirmed by co-injection
of pure standards (Sigma, USA). Finally, the efficiency of the co-extrusion process was determined according
to equation 1.

(1)

Where mquant is the mass of bioinsecticide compounds incorporated into the silo bag and mload is the
total amount of the formulation loaded before the process.

Repellent effect of bioactive silo bag

e behavioral response of weevil adults to bioactive silo bag was evaluated in a choice olfactometer assay
described by Brito et al. (2021), with some modifications. A sample of bioactive silo bag (25 cm2) was placed
in one of the flasks (250 mL) with corn grains (2.3 ± 0.28 g) while in the other flask only grains were placed.
e size of sample was defined through quantified concentration and bibliographic data (Herrera et al., 2015;
Herrera et al., 2017). en, twenty insects deprived of food for 48 h were placed in olfactometer for two
hours in a chamber at 28 ºC and 70% humidity. e sample of the silo bag without insecticides was used as
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a control treatment. Five replicates for each treatment in different times were done. For each treatment, a
response index (RI) was calculated through equation 2.

(2)

Where T is the number of insects responding to the treatment, C is the number of insects responding to
the control, and Tot is the total number of insects. Negative values of RI indicate repellence to the treatment,
while positive values indicate attraction (Phillips et al., 1993).

Insecticidal effect of bioactive silo bag against S. zeamais

Silo bags (bioactive and control) at laboratory scale (192 cm2) were manufactured. us, 100 g of maize grains
and 15 insect adults of S. zeamais were placed into silo bags without differentiating sex or age. en, the bags
were sealed with heat sealer. Finally, the silo bags were incubated in chamber at controlled temperature and
humidity (25 ºC and 70%, respectively). e experiment were performed in triplicate. Aer 15 days, was
observed by each silo bag the mortality percentage (%) of insects in order to evaluate the immediate toxicity.

Data analysis

e Shapiro-Wilk test was used to test Normality of the data. e mean of RI of each treatment was
determined using a paired-comparison analysis. e insecticidal effect of the bioactive and control silo bag
was carried out by a one-way analysis. Subsequently, all differences between treatments were classified by a
test-T (p ≤ 0.05) using INFOSTAT/Professional soware (Di Rienzo et al., 2015).

RESULTS AND DISCUSSION

Characterization of bioactive silo bag

e measurement of silo bags manufactured at pilot scale was around 6 m long and 0.17 m wide. Figure 1
shows images taken from Confocal Laser Microscopy. No differences were observed between the active and
control silo bags in the morphology of the external and inner layers.
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FIG. 1.
Laser Confocal (108X) images from the Control (A) and Bioactive silo bag (B).

According to Table 1, no significant differences were found in the light transmission and mechanical
characterization of the silo bags extruded, except in the effort to break as shown by the bioactive silo bag,
which could result from the greater thickness of the active silo bag.

TABLE 1.
Light transmission and mechanical characterization of silo bags extruded.

*Light transmission at 400- 500 nm. Values are average ± standard deviation
in five replicates, different letters show significant differences (p≤0.05).

A recent study reported by our research group (Herrera et al., 2021) described similar values for the optical
and mechanical properties of the silo bag with the incorporation of essential oil from Mentha piperita at
around 7% w/w in the inner layer, without altering its polymeric morphology.

Figure 2 shows the presence of the ketone insecticides in the silo bag confirmed by FTIR. erefore,
common polyethylene (PE) absorption band can be seen at 1450 cm−1, attributed to the C-H2 functional
group (Goñi et al., 2017). Additionally, two characteristic bands are attributed to the C =O and C-H
functional groups of ketones at 1657 and 1377 cm-1, respectively (Fuertes Ruitón and Munguía Chipana,
2001; Goñi et al., 2017).
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FIG. 2.
Fourier Transform Infrared (FTIR) spectra of bioactive silo
bag (▲), Control silo bag (▲) and Formulation (▲).

Table 2 shows pulegone and thymoquinone terpenes quantified through silo bag with a mixture of 8% w/
w in 1:1 mass ratio before the co-extrusion process. e chromatographic study revealed that thymoquinone
was better incorporated in the inner layer (LEDP) of the silo bag than pulegone during the extrusion
process. As the extrusion technique used high temperatures (100-180 ºC) to melt polymer pellets, this
difference could be attributed to the fact that the boiling point value of thymoquinone is higher than that
of the pulegone (232 and 224 ºC), respectively (Sigma-Aldrich, 2021; Herrera et al., 2015). In addition, the
efficiency extrusion process to incorporate ketone insecticides was 51.2%, while other reports revealed values
near 30% for terpenes with a lower boiling point such as menthol, menthone and limonene into polyethylene
three-layer films using the same operational conditions of co-extrusion technique (Herrera et al., 2021). In
contrast, for eugenol with a higher boiling point, an efficiency near to 60% by coextruded antimicrobial
films was reported (Higuera-Barraza et al., 2015). Results indicate that the addition of compounds with the
extrusion technology into the polymeric matrix mostly depends on physicochemical properties, including
the volatility or boiling point of the agent, due to high processing temperatures.

TABLE 2.
Concentrations of pulegone and thymoquinone from bioactive silo bag.

a Retention time on ELITE-5 column. Values are means ± standard deviation of three replicates.
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Repellent and insecticidal activities of bioactive silo bag against S. zeamais

e bioactive films showed repellent response aer 2 h exposure (Table 3).Previous studies found repellent
values by pure individual compounds thymoquinone and pulegone, 77.8 ± 8.5 and 47.0 ± 12.2 at 4 µL/L
air, respectively (Pizzolitto et al., 2015). us, the behavioral responses of insects to the ketone formulation
in the polymeric matrix still show repellent action. Taking into account the quantified concentration of the
ketone formulation in the films, the estimated concentration in repellent assay was of 75 µL/L air; however,
aer 2 h exposure, not all formulation was released from the silo bag. In a previous study we reported the
diffusion of menthol and menthone from the inner layer of the silo bag at different temperatures; hence,
between 25 and 30 ºC, the major release occurred on the seventh day (Herrera et al., 2021).

TABLE 3.
Behavioral response of S. zeamais to silo bags, aer 2 h exposure in a two-choice olfactometer.

Values of IR with different letters show significant differences through test-T (p<0.05,
n=5). (+) values of RI indicate attraction. (−) values of RI indicate repellence.

Finally, the bioactive silo bag showed 100% of mortality toward S. zeamais, while the control silo bag
(without formulation added) exhibited 0% of mortality. Previous studies showed the strong insecticidal
activity of pulegone and thymoquinone against pest of stored products (Pizzolitto et al., 2015; Herrera et
al., 2017) associated with neurotoxic effect through inhibition of AChE enzyme (Herrera et al., 2015).
In addition, α-β-unsaturated ketones were described as potent inhibitors of the enzymes Glutathione-S-
transferases involved in the metabolism of xenobiotics (Yu and Abo-Elghar, 2000; Abdelgaleil et al., 2009).
On the other hand, further study should analyze the effect of active silo bags on grain quality for longer
times. Various studies showed that the hermetic system preserved the quality of grains during 120 days of
storage (Silva et al., 2018). However, in the field, the commercial silo bags could be affected, not allowing
their internal atmosphere to produce a lethal environment toward insects or fungi (Subramanyam et al.,
2012). us, the bioactive silo bag containing organic compounds in its inner layer could be an alternative
to conventional pesticides for pest control (Zhang et al., 2015; Vélez et al., 2017), therefore, the bioactive
silo bag should be registered as a bio-input.

CONCLUSION

e formulation of ketones in the hermetic structure of storage could be applied as a potential mechanism
to control S. zeamais, which, in turn, could be extended to other pests that affect stored grains. Hence,
biopesticides are a green alternative for organic agricultural with high selectivity, low impact on human
health, and the environment.



Revista Iberoamericana de Tecnología Postcosecha, 2022, vol. 23, núm. 2, Julio-Diciembre, ISSN: 166...

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto 222

Acknowledgments

e authors gratefully acknowledge FONCyT 2018-0669 (Agencia Nacional de Promoción de Ciencia y
Tecnología, Argentina) and CIAD-CONACyT, México, for financial support. JMH, MCS, MAP and JAZ
are members of CONICET. HSV, PE and JNM are members of CONACyT.

LITERATURE CITED

Abdelgaleil SAM, Mohamed MIE, Badawy MEI, El-Arami SAA (2009). Fumigant and contact toxicities of
monoterpenes to Sitophilus oryzae (L.) and Tribolium castaneum (Herbst) and their inhibitory effects on
acetylcholinesterase activity. J Chem Ecol, 35(5): 518-25. https://doi.org/10.1007/s10886-009-9635-3.

Acheampong A, Ayertey JN, Eziah VY, Ifie BE (2019). Susceptibility of selected maize seed genotypes to Sitophilus
zeamais (Coleoptera: Curculionidae). J. Stored Prod Res, 81: 62-68. https://doi.org/10.1016/j.jspr.2019.01.003.

Adams RP (2007). Identification of essential oil components by gas chromatography/mass spectrometry, 4th ed.
Allured Publishing Corporation, Carol Stream, IL.

Almeida FA, da Silva JP, Queiroga V, Figueiredo-Neto A, Cárdenas-Olivier N, Rojas AB (2014). Eficiencia de extractos
vegetales como insecticida sobre Sitophiluszeamais en granos de maíz almacenados. Rev Cie Téc Agro, 23(2):
57-62.

Brito VD, Achimón F, Pizzolitto RP, Ramírez Sánchez A, Gómez Torres EA. Zygadlo JA, Zunino MP (2021). An
alternative to reduce the use of the synthetic insecticide against the maize weevil Sitophilus zeamais through the
synergistic action of Pimenta racemosa and Citrus sinensis essential oils with chlorpyrifos. J Pest Sci, 94: 409-421.
https://doi.org/10.1007/s10340-020-01264-0.

Carpaneto B, Bartosik R, Cardoso L, Manetti P (2016). Pest control treatments with phosphine and controlled
atmospheres in silo bags with different airtightness conditions. J Stored Prod Res, 69: 143-151. http://dx.doi.o
rg/10.1016/j.jspr.2016.07.007.

Chan K (2008). Application of quantitative structure activity relationships to investigate xenobiotic cytotoxicity
mechanisms in hepatocyte systems. Graduate department of pharmaceutical sciences, University of Toronto,
Canada.

Commission implementing regulation (EU) 2013/485 (2018). OJL139: 1-14. https://eur-lex.europa.eu/legal-conte
nt/ES/TXT/PDF/?uri=CELEX:02013R0485-20181219&from=EN Accessed 7th august, 2022.

Demo M, Oliva M, López M, Zunino MP, Zygadlo J (2005). Antimicrobial activity of essential oils obtained from
aromatics plants of Argentina. Pharm Biol, 43(2): 129-134.

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, Robledo CW (2015). Grupo InfoStat, FCA,
InfoStat Version. Universidad Nacional de Córdoba, Argentina.

EPA (2022). Available from: https://www.epa.gov/ingredients-used-pesticide-products/biopesticide-active-ingredie
nt. Accessed 7th august, 2022.

FAO (1974). Recommended methods for the detection and measurement of resistance of agricultural pests to
pesticides: tentative method for adults of some major beetle pests of stored cereals with malathion or lindane.
FAO method no 15. Plant Prot Bull 22 (5-6): 127-137.

Freitas RS, Faroni LRA, Sousa AH (2016). Hermetic storage for control of common bean weevil, Acanthoscelides
obtectus (Say). Journal of Stored Products Research, 66: 1-5. https://doi.org/10.1016/j.jspr.2015.12.004.

Fuertes Ruitón C, Munguía Chipana Y (2001). Estudio comparativo del aceite esencial de Minthostachysmollis
(kunth) griseb "muña" de tres regiones peruanas por cromatografía de gases y espectrometría de masas. Ciencia
Invest, 4: 23-39.

Goñi ML, Gañán NA, Barbosa SE, Strumia MC, Martini RE (2017). Supercritical CO.-assisted impregnation of
LDPE/sepiolite nanocomposite films with insecticidal terpene ketones: Impregnation yield, crystallinity and
mechanical properties assessment. J Supercrit Fluids, 130: 337-346. http://dx.doi.org/10.1016/j.supflu.2017.0
6.013.



Jimena M. Herrera, et al. Bioactive silo bag for controlling stored pest: Sitophilus zeamais (Cole...

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto 223

Hasan M, Ahmad-Hamdani M.S, Rosli AM, Hamdan H (2021). Bioherbicides: an eco-friendly tool for sustainable
weed management. Plants. https://doi.org/10.3390/ plants10061212.

Herrera JM, Goñi ML, Gañan NA, Zygadlo JA (2017). An insecticide formulation of terpene ketones against
Sitophilus zeamais and its incorporation into low density polyethylene films. Crop Prot. https://doi.org/10.10
16/j.cropro.2017.03.008.

Herrera JM, Pizzolitto RP, Zunino MP, Dambolena JS, Zygadlo JA (2015). Effect of fungal volatile organic
compounds on a fungus and an insect that damage stored maize. J. Stored Prod. Res., 62: 74-80.

Herrera JM, Zunino MP, Dambolena JS, Pizzolitto RP, Gañan NA, Lucini EI, Zygadlo JA (2015). Terpene ketones
as natural insecticides against Sitophilus zeamais. Ind Crop Prod. http://dx.doi.org/10.1016/j.indcrop.2015.03
.074.

Herrera JM, Zygadlo JA, Strumia MC, Peralta E (2021). Biopesticidal silo bag prepared by co-extrusion process. Food
Packag Shelf Life. https://doi.org/10.1016/j.fpsl.2021.100645.

Higuera-Barraza OA, Soto-Valdez H, Acedo-Félix E, Peralta E (2015). Fabrication of an antimicrobial active
packaging and its effect on the growth of Pseudomonas and aerobic mesophilic bacteria in chicken. Vitae. http
s://doi.org/10.17533/udea.vitae.v22n2a05.

IpesaSilo (2021). Available from: https://www.ipesasilo.com.ar/es/producto/caracteristicas/ Accessed 12 March,
2021.

Nair B (2001). Final report on the safety assessment of mentha piperita (peppermint) oil, mentha piperita
(peppermint) leaf extract, mentha piperita (peppermint) leaf, and mentha piperita (peppermint) leaf water. Int
J Toxicol, 3:61-73.

NIST (2014). NIST/EPA/NIH Mass Spectral Library (NIST 14) and NIST Mass Spectral Search Program (Version
2.2). U.S. Secretary of Commerce on behalf of the United States of America.

Pérez-Garrido A, Helguera AM, Rodríguez FG, Cordeiro DS (2010). QSAR models to predict mutagenicity of
acrylates, methacrylates and α, βunsaturated carbonyl compounds. Dent. Mater. 26: 397-415.

Phillips TW, Jiang XL, Burkholder WE, Phillips, JK, Tran HQ (1993). Behavioral responses to food
volatiles by two species of stored-product Coleoptera, Sitophilus oryzae .Curculionidae) and Tribolium
castaneum .Tenebrionidae). J. Chem. Ecol. 19: 723-734.

Pizzolitto RP., Herrera JM., Zaio YP., Dambolena JS, Zunino MP, Gallucci MN, Zygadlo JA (2015). Bioactivities of
ketones terpenes: antifungal effect on F. verticillioides and repellents to control insect fungal vector, S. zeamais.
Microorganisms. https://doi:10.3390/microorganisms3040851.

Ridley AW, Burrill PR, Cook CC, Daglish GJ (2011). Phosphine fumigation of silo bags. J Stored Prod Res. https:/
/doi.org/10.1016/j.jspr.2011.06.001.

Sigma-Aldrich (2021). ymoquinone properties (bp). Available from: https://www.sigmaaldrich.com/catalog/pro
duct/aldrich/274666/ Accessed 7 March, 2021.

Silva MG, Gutierres NS, Sousa AH, Freitas RS, Silva MS, Abreu AO (2018). Hermetic storage as an alternative
for controlling Callosobruchusmaculatus (Coleoptera: Chrysomelidae) and preserving the quality of cowpeas. J
Stored Prod Res. https://doi.org/10.1016/j.jspr.2018.05.010.

Subramanyam B, Lakshmikantha C, Campabadal C, Lawrence J, Cardoso L, Maier D (2012). Evaluation of silo bags
for temporary storage of wheat. In: Navarro S, Banks HJ, Jayas DS, Bell CH, Noyes RT, Ferizli AG, Emekci
M, Isikber AA, Alagusundaram K (Eds.). Proceedings of the 9th International Conference Controlled Atmospheres
and Fumigation of Stored Products. Antalya, Turkey, pp 535-541.

Souto AL, Sylvestre M, Tölke ED, Tavares JF, Barbosa-Filho JM, Cebrián-Torrejón, G (2021). Plant-derived
pesticides as an alternative to pest management and sustainable agricultural production: prospects, applications
and challenges. Molecules. https:// doi.org/10.3390/molecules26164835.

Vélez M, Barbosa WF, Quintero J, Chediak M, Guedes R (2017). Deltamethrin- and spinosad-mediated survival,
activity and avoidance of the grain weevils Sitophilus granarius and S. zeamais. J Stored Prod Res, 74: 56-65. ht
tps://doi.org/10.1016/j.jspr.2017.10.002.



Revista Iberoamericana de Tecnología Postcosecha, 2022, vol. 23, núm. 2, Julio-Diciembre, ISSN: 166...

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto 224

Woo CC, Kumar AP, Sethi G, Tan KHB (2012). ymoquinone: potential cure for inflammatory disorders and
cancer. Biochem Pharmacol. https://doi.org/10.1016/j.bcp.2011.09.029.

Yildirim E, Emsen B, Kordali S (2013). Insecticidal effects of monoterpenes on Sitophilus zeamais Motschulsky
(Coleoptera: Curculionidae). J Appl Bot Food Qual, 86: 198-204.

Yu S, Abo-Elghar G (2000). Allelochemicals as Inhibitors of glutathione s-transferases in the fall armyworm. Pestic
Biochem Phys, 68: 173-183.


