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Abstract

:

The weevil Scyphophorus acupunctatus Gyllenhal causes damage and losses in agave crops and has traditionally been controlled using contact and systemic agrochemicals. Implementing microbial control strategies is proposed as an alternative to mitigate the environmental impact associated with agrochemicals. The objective of this study was to determine the survival of entomopathogenic nematodes in oil emulsions for the control of adult S. acupunctatus. Three species of entomopathogenic nematodes were evaluated: Steinernema carpocapsae, S. glaseri, and Heterorhabditis bacteriophora. We used two concentrations (50 ± 5 and 100 ± 10 infectious juvenile nematodes), and oil emulsions derived from Salvia hispanica, Triticum vulgare, and Olea europea with oil purity of 20% and 40%. The effectiveness of these treatments was assessed by determining the mortality rate of S. acupunctatus. The results indicate that the combination of S. glaseri and H. bacteriophora, at concentrations of 50 ± 5 and 100 ± 10 nematodes, respectively, with T. vulgare and O. europea oils, achieved a mortality rate of 85.76% in S. acupunctatus adults at 24 h. At 120 h, a mortality rate of 100% was achieved with specific formulations, such as S. glaseri with 100 ± 10 nematodes + O. europea, and H. bacteriophora with 100 ± 10 nematodes + O. europea. Consequently, we conclude that oil formulations combined with nematodes show potential as an effective and environmentally friendly alternative for the control and management of S. acupunctatus.
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1. Introduction


In the state of Oaxaca, Mexico, more than 10,000 hectares of Agave spp. are cultivated, and 200,000 tons of agave are allocated to the mezcal industry, which is registered to generate a total of USD 1389 million at national and international sales [1]. The production of mezcal is limited by technological and socio-economic factors, but principally due to the incidence of pests and diseases. Because the leaves and “piñas” of mature plants (heart of the agave plant where carbohydrates are stored) have a high sugar content, they are cooked, fermented, and distilled to produce mezcal. However, also due to their high sugar content, they are affected principally by Scyphophorus acupunctatus larvae and adults [2] (Figure 1), which damage mature plants and cause production losses of 20–40%, causing plant death [3,4]. Cultural, chemical, biological, and etiological control methods have not been successful because the life cycle of the insect takes place in the internal part of the plant (leaves and stem), making it difficult for the chemical pesticides to come into contact with the agave weevil.



Agriculture demands less harmful alternatives for the environment and for farmers. Among the fundamental aspects for the integrated management of this insect, which has had contributions from biology and ecology, biological control by means of parasitoids or predators has been a viable alternative [5,6,7]. Entomopathogenic nematodes species (EPNs) have been successful in dealing with agricultural plagues [6,8,9]. However, in the field, their successful use is highly unlikely because biotic and abiotic factors reduce their useful life, and results are not consistent [10].



In Mexico, there are few documented experiences of the use of nematodes as biological control agents for insect pests. The published studies have focused on two different aspects: one involving the search for new isolation methods and another on the management and control of pest insects living in the soil. Nematodes of the genera Heterorabditidae and Steinermatidae are considered to have high potential as an alternative for the control of insects that live their entire lives in the soil or protected in plant parts [5,6]. Under laboratory conditions, they have been shown to be general pathogens due to their capacity to kill several species of insects [8,9]. However, in the field, this is very unlikely because of biotic and abiotic factors that reduce their useful life, generating mixed results. Entomopathogenic nematodes are compatible with chemical pesticides and adherents, and commercial production of these nematodes is easy using fermentation tanks or insect larvae [10].



Dehydration is the constraining factor in EPNs’ mode of action [11]. For this reason, they are used with additives, processing aids, or formulations to improve their pathogenicity and survival in the field [10,12]. The use of vegetable oils together with EPNs improves and generates more efficient formulations against insects [13,14]. Some positive results have been found in the survival and anti-desiccation of the Heterhabditis bacteriophora and Sterneinerma feltiae nematodes using Tween and glycerol at 1% in the formulations [15]. Local integrated pest management programs (Programas Locales de Manejo Integrado de Plagas—PIHLP) promote the local production of EPNs [6,16]. In this context, it is necessary to develop new systems to guarantee high survival and virulence of the infective juveniles (IJs) after medium-term storage, without increasing costs and with relatively accessible products. Here, we studied three vegetable oils in a possible coadjuvant model.



The misuse of contact insecticides such as malathion and endosulfan contaminates the environment, and their residues remain in the soil and in the agave plants. For this reason, it is necessary to assess the compatibility of oils and biological control agents (entomopathogens nematodes) to determine whether there is any nematicidal activity and to find the exact combinations of entomopathogenic nematodes and oil, either as coadjuvants or additives, to increase the biological activity.



Based on the above information and under the hypothesis that the oils are compatible, to identify synergic or antagonistic effects in the use of nematodes, the objective of this research was to determine the survival of entomopathogenic nematodes (H. bacteriophora, S. glaseri, and S. carpocapsae) in vegetable oil emulsions at two concentrations and the mortality of adult Scyphophorus acupunctatus caused by these treatments under laboratory conditions.




2. Materials and Methods


This research was conducted in June–October 2022 at Santa Cruz Xoxocotlán, Oaxaca, México (Latitude 17°01’31’’N, 96°43’11’’W, and 1500 m above sea level). Nematode survival and mortality experiments were conducted in the Biological Control Laboratory at CIIDIR Oaxaca, at maximum and minimum relative humidities of 56 ± 8.36% and 45 ± 8.68%, respectively, and maximum and minimum temperatures of 33 ± 2.16 °C and 23 ± 2.2 °C, respectively.



Salvia hispanica, Tritricum vulgare, and Olea hispanica oils were used. These oils have been used in formulations with entomopathogenic fungi [3], and can be found on the market at 100% purity (Laboratorios Hersol, S.A. de C.V., Edo. México, México).



The entomopathogenic nematodes S. carpocapsae, S. glaseri, and H. bacteriophora in their infective juveniles (IJ) stage were reproduced in the last instars of the wax moth Galleria mellonella under laboratory conditions.



2.1. Survival of Entomopathogenic Nematodes in Oil Emulsions


The survival of three entomopathogenic nematodes (S. carpocapsae, S. glaseri, and H. bacteriophora) was evaluated; the nematodes were obtained from the strain repository at CIIDIR Unidad Oaxaca. The nematodes (50 ± 5 EPNs) were mixed in three vegetable oil emulsions, chia seed (Salvia hispanica), wheat (Triticum vulgadere), and olive (Olea europea), at two concentrations (20 and 40% purity). The concentrations of 20/40 Volume % (Vol.-%) of the emulsions were fixed on a glass plate measuring 55 mm in diameter using a Science MED 100–1000 μL capacity micropipette for the oil concentration of 20% (200 μL oil + 800 μL of nematodes in DW) and the oil at 40% (400 μL oil + 600 μL nematodes in DW). A 1 mL for both concentrations was used, and they were mixed using a magnetic stirrer for about 3 min. The mixtures were set in 55 mm wide × 15 mm high glass Petri dishes. Survival observations were carried out every 24 h for 168 h after applying the oil to the solution of nematodes. Twenty-one treatments, including the control (distilled water), were evaluated (Table 1), and each treatment was replicated 20 times.




2.2. Mortality of Scyphophorus acupunctatus Caused by Nematodes in Oil Emulsions


After the evaluation of entomopathogenic nematodes’ (EPNs’) survival in oil emulsions, the mortality of adult of S. acupunctatus was determined (Figure 2). Two species of nematodes (S. glaseri and H. bacteriophora) were tested at two concentrations (50 ± 5 and 100 ± 5 nematodes/S. acupunctatus) in the T. vulgare and O. europea oil emulsions at a concentration of 40%. The S. acupunctatus adults were placed individually in cylindrical 300 mL capacity plastic containers with a small piece of agave as food.



After 48 h with the insects still alive, 1 mL of the each of the nematode concentrations of oil emulsion were applied over the insects and the food. Eleven treatments with 20 repetitions per treatment were evaluated with one insect per repetition. A technique was selected from Insect Nematology [17] and the insects were observed every 24 h until 100% mortality of the adult S. acupunctatus was obtained. The weevil cadavers were placed in white wet chambers and checked to determine whether there were any EPNs.



Likewise, the emergence of nematodes in Galleria mellonella larvae was determined via the Koch postulates. To confirm the formation of adults, 10 larvae were dissected and another 10 larvae were kept at 23 ± 2 °C to record the accumulated production of infective juveniles, counting the daily emergence until total exhaustion of the G. mellonella larvae.




2.3. Statistical Analysis


The percentages obtained for survival and efficiency were normalized via arcsine transformation √(x/100) and processed through ANOVA. The statistical differences among average mortalities of each treatment were established via a Tukey test (α = 0.05). All analyses were performed using the statistical software SAS/ETS® 9.1 [18].





3. Results and Discussion


3.1. Survival of Entomopathogenic Nematodes Formulated in Oils


After 24 and 48 h, it was found that the three evaluated nematodes (S. glaseri, S. carpocapsae, and H. bacteriophora) had the highest survival in O. europea oil at concentrations of 20 and 40%, with a mean of survival of 94.1–84.2%, followed by T. vulgare oil with 83.9–72.9%. The lowest survival of nematodes was found in S. hispanica with 71.8–56.4%. The three nematodes had 100% survival in the control. At the time of evaluation (24 and 48 h), the nematode that presented the highest survival (95.6–85.9%) was S. glaseri with O. europea, followed by S. hispanica (88.6–79.1%), and finally T. vulgare oil (78.6–68.6%). After 72 h, the survival of the evaluated nematodes (H. bacteriophora, S. carpocapsae, and S. glaseari) was 0% in the control (DW). This treatment was statistically different from the other treatments. Finally, it was found that after 120 h, all the evaluated nematodes remained viable. It was found that the S. carpocapsae nematode in O. europea oil at 40% purity had a survival of 62.2%, which was statistically different from the other treatments (Table 2).



It is notable that the species of nematode and the concentrations of 20 and 40% in the three evaluated oils have a positive effect on nematode survival time and hydration. An evaluation of Azadirachta oil [19] reported that, at 100% purity after 120 h, the survival of the nematode S. filtae was 100%. Other studies [15] indicate that using glycerin and Tween at a concentration of 1% results in survival of the H. bacteriophora and S. feltiae nematodes after 168 h.



Survival rates [20] were linked to EPN metabolism, in which temperature and humidity are determining factors. The survival time found in our study on EPNs indicates important advances in the formulations of the emulsions with useful oils for managing insect pests in the field.




3.2. Mortality of Scyphophorus acupunctatus and Emergence of Nematodes Adhered to Oils


After 48 h, it was found that O. europea oil at a concentration of 40% purity with S. glaseri and H. bacteriophora at concentrations of 50 ± 5 and 100 ± 10 nematodes caused 50% mortality in S. acupunctatus adults (T3, T4, T7 and T8). These treatments are statistically different from the rest of the treatments. After 96 h, two treatments caused 90% mortality in S. acupunctatus adults: T4 (S. glaseri 100 ± 10 nematodes + O. europea) and T8 (H. bacteriophora 100 ± 10 nematodes + O. europea). After 120 h, these same treatments caused 100% mortality in S. acupunctatus adult insects. An influential factor in the mortality of S. acupunctatus adults is the concentration of the nematodes S. glaseri and H. bacteriophora applied of 100 nematodes/insect had the highest control percentages. After 48–168 h, the control with distilled water and the oils T. vulgare and O. europea at 40% purity did not produce any mortality in S. acupunctatus adults These same treatments were statistically different from all the established treatments in the mentioned periods (Table 3).



Currently, there is little information on oil emulsions with EPNs. Nematodes applied with water might kill the larvae in a period between 24 and 48 h with a mortality rate of 50% before becoming dehydrated owing to environmental factors such as temperature [21]. The lethal time to kill in 95% of larvae was between 3 and 5 days with Steinernema spp and H. bacteriophora, respectively, in Phyllophaga vetula [22]. In Collaria scenica nymphs inoculated with S. glaseri, 24 h after infection, 75% mortality was found, and at 48 h, mortality was 82% with the nematode Heterorhabditis sp. [23].



The entomopathogenic nematodes S. feltiae and S. carpocapsae at a concentration of 9000 JIs applied in water presented 60% mortality 44 days after inoculation in S. acupuncatatus adults [22]. With Lippia sidoides oil associated with entomopathogenic nematodes, 100% mortality was observed in the control of Rhipicephalus microplus (Acari: Ixodae) [19,24]. It is important to continue searching for chemical materials and their combinations either as coadjuvants or additives to increase the mortality of biological controllers [25]. This suggests that the mixture of oils with EPN may generate synergy to favor nematode activity. Although formulations for nematodes are based on the formulations of traditional pesticides, it is important to reduce the effects of extreme temperatures, improve the release and distribution of JI in water, improve and maintain infection capacity, and improve their survival after implementation in the field [26].



Likewise, nematode virulence (larval mortality and the necessary time to kill the insect larvae) considerably decreased after 14 days. From days 1 to 7, apart from the used coadjuvant, more than 80% larval mortality was recorded at most of the temperatures. This high larval mortality could be because only the survival of nematodes is necessary to kill an insect. Similar values for the EPN species [14] S. wesbteri and H. bacteriophora formulated with C. citratus and J. virginiana were found, while S. carpocapsae formulated with C. citratus produced 60% larval mortality. In this study, less than 50% of larva mortality was obtained for the IJ stored for 7 days at 24 °C. This result contrasts with the 100% mortality found for the oily coadjuvants of plant origin in similar conditions (5 days at 24 °C). There are no registers referring to the activity of oil emulsions with entomopathogenic nematodes for the control of S. acupunctatus in the field. For this reason, it is necessary to continue evaluating more oils or coadjuvants to find the biological formulations that could be used in the field.




3.3. Emergence of Nematodes in Galleria Mellonella Larvae


With mean relative humidity of 56 ± 8.36% and an average temperature of 23 ± 2.6 °C, it was found that a concentration of 50 nematodes/G. mellonella larvae led to the emergence and reproduction of S. glaseri in 19–21 days and of H. bacteriophora in 23–25 days. With both S. glaseri and H. bateriophora, the communities that started from 50 ± 5 parent nematodes generated about 10,000 IJs per 10 larvae of G. mellonella, from the fourth instar, where the EPNs were obtained in three reproductive cycles under laboratory conditions.



EPNs are considered an alternative for the biological control of insects due to their killing and infecting capacity. This is possible due to their symbiotic association with bacteria, which are in the inner part of the nematode. This association [27,28,29] kills the host after few hours of being infected (24 to 48 h), and both organisms benefit [30,31] from the emergence and reproduction of EPNs.



The dissection of the infected larvae of G. mellonella at different moments after infection showed that the development of the nematode and the final production of the infectious juveniles of individual insects were very similar. The oils evaluated in this study did not affect the nematodes’ reproductive capacity or their viability; they were effective in killing S. acupunctatus adults. It is also important to note that the variations observed in nematode emergence may be the result of several factors in combination, such as the temperature, relative humidity, ventilation [32,33], size of the host used [34], nematode species [11,35], time of emergence, and length of the cycle in the host [36].





4. Conclusions


Under laboratory conditions, the nematodes S. glaseri and H. bacteriophora in Olea europea oil emulsions were pathogenic for S. acupunctatus. The mortality of S. acupunctatus exposed to EPN depended on the concentration of the formulations. A mortality rate of 100% was achieved at 120 h with the combination of S. glaseri + O. europea oil. Formulations with nematodes could be a viable and environmentally friendly alternative for the control and management of S. acupunctatus, thereby helping to reduce the use of chemical pesticides. However, further studies are needed to manage the agave weevil using other oils with EPN.







Author Contributions


Conceptualization, T.A.-B.; data curation, Y.D.O.-H. and T.A.-B.; formal analysis, H.O.A.-Q. and T.A.-B.; writing—original draft, Y.D.O.-H. and T.A.-B.; writing—review and editing, H.O.A.-Q., Y.D.O.-H., T.A.-B. and M.A.A.-O. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Instituto Politécnico Nacional through project SIP-IPN.




Data Availability Statement


Data are contained within the article.




Acknowledgments


We thank the Instituto Politécnico Nacional (IPN) México, Entomology Laboratory of IPN-CIIDIR Oaxaca (Centro Interdisciplinario de Investigación para el Desarrollo Integral Regional Oaxaca IPN), Consejo Nacional de Humanidades Ciencias y Tecnologías (CONAHCYT) for awarding a grant to the first author to undertake their post-graduate studies in Conservation and Use of Natural Resources, and the National System of Researchers (SNI-CONAHCYT).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Servicio de Información Agroalimentario y Pesquera (SIAP). Available online: https://nube.siap.gob.mx/cierreagricola/ (accessed on 26 September 2023).

	



Aquino-Bolaños, T.; Ortiz-Hernández, Y.D.; Martiínez-Gutiérrez, G.A. Relationship between Scyphophorus acupunctatus Gyllenhal Damage and Nutrient and Sugar Content of Agave angustifolia Haw. Southwest. Entomol. 2013, 38, 477–486. [Google Scholar] [CrossRef]

	



Aquino-Bolaños, T.; Ortiz-Hernández, Y.D.; Bautista-Cruz, A.; Acevedo-Ortiz, M.A. Viability of Entomopathogenic Fungi in Oil Suspensions and Their Effectiveness against the Agave Pest Scyphophorus acupunctatus under Laboratory Conditions. Agronomy 2023, 13, 1468. [Google Scholar] [CrossRef]

	



Terán-Vargas, A.P.; Azuara-Domínguez, A.; Vega-Aquino, P.; Zambrano-Gutiérrez, J.; Blanco-Montero, C. Biological Effectivity of Insecticides to Control the Agave Weevil, Scyphophorus acupunctatus Gyllenhal (Coleoptera: Curculionidae), in Mexico. Southwest. Entomol. 2012, 37, 47–53. [Google Scholar] [CrossRef]

	



Nurashikin-Khairuddin, W.; Abdul-Hamid, S.N.A.; Mansor, M.S.; Bharudin, I.; Othman, Z.; Jalinas, J. A Review of Entomopathogenic Nematodes as a Biological Control Agent for Red Palm Weevil, Rhynchophorus ferrugineus (Coleoptera: Curculionidae). Insects 2022, 13, 245. [Google Scholar] [CrossRef]

	



Miles, C.; Blethen, C.; Gaugler, R.; Shapiro-Ilan, D.; Murray, T. Using Entomopathogenic Nematodes for Crop Insect Pest Control. Available online: https://www.researchgate.net/profile/Randy-Gaugler/publication/263444652_Using_beneficial_nematodes_for_crop_insect_pest_control/links/0046353ad890787049000000/Using-beneficial-nematodes-for-crop-insect-pest-control.pdf (accessed on 10 November 2023).

	



Rehman, G.; Mamoon-Ur-Rashid, M. Evaluation of Entomopathogenic Nematodes against Red Palm Weevil, Rhynchophorus ferrugineus (Olivier) (Coleoptera: Curculionidae). Insects 2022, 13, 733. [Google Scholar] [CrossRef]

	



Klein, M.G. Efficacy Against Soil-Inhabiting Insect Pests. In Entomopathogenic Nematodes in Biological Control; Gaugler, R., Ed.; CRC Press: Boca Raton, FL, USA, 1990; pp. 195–214. ISBN 978-1-351-07174-1. [Google Scholar]

	



Poinar, G.O.; Hom, A. Survival and Horizontal Movement of Infective Stage Neoaplectana carpocapsae in the Field. J. Nematol. 1986, 18, 34–36. [Google Scholar]

	



Tamez-Guerra, P.; Rodríguez-Padilla, C.; Galán-Wong, L. Solar Radiation (UV) Protectants for Microbial Insecticides. In Semiochemicals in Pest and Weed Control; ACS: Washington, DC, USA, 2005; pp. 127–147. ISBN 978-0-8412-3888-6. [Google Scholar]

	



Shapiro-Ilan, D.I.; Han, R.; Dolinksi, C. Entomopathogenic Nematode Production and Application Technology. J. Nematol. 2012, 44, 206–217. [Google Scholar]

	



Batta, Y.A. Invert Emulsion: Method of Preparation and Application as Proper Formulation of Entomopathogenic Fungi. MethodsX 2016, 3, 119. [Google Scholar] [CrossRef]

	



Shapiro, M.; McLane, W.; Belli, R. Laboratory Evaluation of Selected Chemicals as Antidesiccants for the Protection of the Entomogenous Nematode, Steinernema feltiae (Rhabditidae: Steinernematidae), Against Lymantria dispar (Lepidoptera: Lymantriidae). J. Econ. Entomol. 1985, 78, 1437–1441. [Google Scholar] [CrossRef]

	



Castruita-Esparza, G.; Bueno-Pallero, F.Á.; Blanco-Pérez, R.; Dionísio, L.; Aquino-Bolaños, T.; Campos-Herrera, R. Activity of Steinernema colombiense in Plant-Based Oils. J. Nematol. 2020, 52, 1–12. [Google Scholar] [CrossRef]

	



Molina-Acevedo, J.P.; López-Nuñez, J. Supervivencia y Parasitismo de Nematodos Entomopatógenos Para El Control de Hypothenemus hampei Ferrari, (Coleoptera: Scolytidae) En Frutos de Café. Bol. Sanid. Veg. Plagas 2003, 29, 523–534. [Google Scholar]

	



San-Blas, E.; Campos-Herrera, R.; Dolinski, C.; Monteiro, C.; Andaló, V.; Leite, L.G.; Rodríguez, M.G.; Morales-Montero, P.; Sáenz-Aponte, A.; Cedano, C.; et al. Entomopathogenic Nematology in Latin America: A Brief History, Current Research and Future Prospects. J. Invertebr. Pathol. 2019, 165, 22–45. [Google Scholar] [CrossRef]

	



Kaya, H.; Stock, P. Techniques in Insect Nematology. In Manual of Techniques in Insect Pathology; Lacey, L.A., Ed.; Academic Press: Cambridge, CA, USA, 1997; pp. 281–324. ISBN 978-0-12-432555-5. [Google Scholar]

	



SAS. SAS/ETS 9.1 User’s Guide; SAS Institute Inc.: Cary, NC, USA, 2004; ISBN 1-59047-244-6. [Google Scholar]

	



Krishnayyaand, P.V.; Grewal, P.S. Effect of Neem and Selected Fungicides on Viability and Virulence of the Entomopathogenic Nematode Steinernema feltiae. Biocontrol Sci. Technol. 2002, 12, 259–266. [Google Scholar] [CrossRef]

	



Vashisth, S.; Chandel, Y.S.; Sharma, P. Entomopathogenic Nematodes—A Review. Agric. Rev. 2013, 34, 163. [Google Scholar] [CrossRef]

	



Gaugler, R. Entomopathogenic Nematodes in Biological Control; CRC Press: Boca Raton, FL, USA, 2017; ISBN 978-1-351-07174-1. [Google Scholar]

	



Aquino-Bolaños, T.; Ruiz-Vega, J.; Iparraguirre-Cruz, M. Control Biológico Del Picudo Negro (Scyphophorus interstitialis Gyllenhal) Con Nemátodos y Hongos Entomopatógenos En Agave En Oaxaca, México. Rev. Cient. UDO Agric. 2006, 6, 92–101. [Google Scholar]

	



Naranjo, N.; Montero, D.A.; Sáenz-Aponte, A. Primer Reporte de Patogenicidad Por Nemátodos Entomopatógenos Sobre La Chinche de Los Pastos. Entomotropica 2011, 26, 117–125. [Google Scholar]

	



Monteiro, C.M.O.; Araújo, L.X.; Gomes, G.A.; Senra, T.O.S.; Calmon, F.; Daemon, E.; De Carvalho, M.G.; Bittencourt, V.R.E.P.; Furlong, J.; Prata, M.C.D.A. Entomopathogenic Nematodes Associated with Essential Oil of Lippia Sidoides for Control of Rhipicephalus microplus (Acari: Ixodidae). Parasitol. Res. 2014, 113, 189–195. [Google Scholar] [CrossRef]

	



Webster, J.M.; Bronskill, J.F. Use of Gelgard M and an Evaporation Retardant to Facilitate Control of Larch Sawfly by a Nematode-Bacterium Complex1. J. Econ. Entomol. 1968, 61, 1370–1373. [Google Scholar] [CrossRef]

	



Koppenhöfer, A.; Grewal, P. Compatibility and Interactions with Agrochemicals and Other Biocontrol Agents. In Nematodes as Biocontrol Agent; CABI Publishing: Wallingford, UK, 2005; pp. 363–381. ISBN 0-85199-017-7. [Google Scholar]

	



Kaya, H.; Gaugler, R. Entomopathogenic Nematodes. Annu. Rev. Entomol. 1993, 38, 181–206. [Google Scholar] [CrossRef]

	



Dillman, A.R.; Chaston, J.M.; Adams, B.J.; Ciche, T.A.; Goodrich-Blair, H.; Stock, S.P.; Sternberg, P.W. An Entomopathogenic Nematode by Any Other Name. PLOS Pathog. 2012, 8, e1002527. [Google Scholar] [CrossRef]

	



Lewis, E.; Clarke, D. Nematode Parasites and Entomopathogens. In Insect Pathology; Vega, F.E., Kaya, H.K., Eds.; Academic Press: Cambridge, CA, USA, 2011; pp. 395–424. ISBN 978-0-12-384984-7. [Google Scholar]

	



Grewal, P.S.; Matsuura, M.; Converse, V. Mechanisms of Specificity of Association between the Nematode Steinernema scapterisci and Its Symbiotic Bacterium. Parasitology 1997, 114 Pt 5, 483–488. [Google Scholar] [CrossRef]

	



Ehlers, R.U. Mass Production of Entomopathogenic Nematodes for Plant Protection. Appl. Microbiol. Biotechnol. 2001, 56, 623–633. [Google Scholar] [CrossRef] [PubMed]

	



Burman, M.; Pye, A.E. Neoaplectana carpocapsae: Respiration of Infective Juveniles. Nematologica 1980, 26, 214–219. [Google Scholar] [CrossRef]

	



Friedman, M.J. Commercial Production and Development. In Entomopathogenic Nematodes in Biological Control; CRC Press: Boca Raton, FL, USA, 1990; ISBN 978-1-351-07174-1. [Google Scholar]

	



Sáenz-Aponte, A.; Olivares, W. Searching Capacity of the Entomopathogenic Nematode Steinernema Sp. SNIO 198 (Rhabditida: Steinernematidae). Rev. Colomb. Entomol. 2008, 34, 51–56. [Google Scholar] [CrossRef]

	



Boff, M.I.C.; Wiegers, G.L.; Gerritsen, L.J.M.; Smits, P.H. Development of the Entomopathogenic Nematode Heterorhabditis megidis Strain NLH-E 87.3 in Galleria Mellonella. Nematology 2000, 2, 303–308. [Google Scholar] [CrossRef]

	



Grewal, P.; Georgis, R. Entomopathogenic Nematodes. In Biopesticides: Use and Delivery; Hall, F.R., Menn, J.J., Eds.; Methods in Biotechnology; Humana Press: Totowa, NJ, USA, 1999; pp. 271–299. ISBN 978-1-59259-483-2. [Google Scholar]








[image: Agronomy 13 02946 g001] 





Figure 1. (A,B) Agave plant and “piña” damaged by weevils. (C) Heart of the agave plant with adult Scyphophorus acupunctatus. (D,E) Healthy agave plant and “piña”. 
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Figure 2. (A) Sciphophorus acupunctatus adult. (B) Vegetable oil. (C) Emergence of entomopathogenic nematodes. (D) Infected weevil cadavers after receiving oil emulsions with entomopathogenic nematodes. 
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Table 1. EPN survival in oil emulsions.
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	Treatment
	Concentration (%)
	Nematode
	Treatment
	Concentration (%)
	Nematode





	T1 DW (absolute control)
	0
	H. bacteriophora
	T12 T. vulgare
	20
	S. glaseri



	T2 DW (absolute control)
	0
	S. carpocapsae
	T13 T. vulgare
	40
	H. bacteriophora



	T3 DW (absolute control)
	0
	S. glaseri
	T14 T. vulgare
	40
	S. carpocapsae



	T4 S. hispanica
	20
	H. bacteriophora
	T15 T. vulgare
	40
	S. glaseri



	T5 S. hispanica
	20
	S. carpocapsae
	T16 O. europea
	20
	H. bacteriophora



	T6 S. hispanica
	20
	S. glaseri
	T17 O. europea
	20
	S. carpocapsae



	T7 S. hispanica
	40
	H. bacteriophora
	T18 O. europea
	20
	S. glaseri



	T8 S. hispanica
	40
	S. carpocapsae
	T19 O. europea
	40
	H. bacteriophora



	T9 S. hispanica
	40
	S. glaseri
	T20 O. europea
	40
	S. carpocapsae



	T10 T. vulgare
	20
	H. bacteriophora
	T21 O. europea
	40
	S. glaseri



	T11 T. vulgare
	20
	S. carpocapsae
	
	
	







DW: distilled water.













 





Table 2. Survival of entomopathogenic nematodes in oil emulsions.
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Treatment

	
Concentration (%)

	
Nematode

	
Time (h)




	
24

	
48

	
72

	
96

	
120






	
T1 DW (absolute control)

	
0

	
H. bacteriophora

	
100.0 ± 0.0 a

	
71.2 ± 2.0 bc

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d




	
T2 DW (absolute control)

	
0

	
S. carpocapsae

	
100.0 ± 0.0 a

	
81.6 ± 1.7 b

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d




	
T3 DW (absolute control)

	
0

	
S. glaseri

	
100.0 ± 0.0 a

	
70.8 ± 2.0 c

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d




	
T4 S. hispanica

	
20

	
H. bacteriophora

	
56.4 ± 1.5 c

	
26.8 ± 2.8 e

	
12.6 ± 1.0 e

	
9.6 ±0.9 e

	
3.2 ± 0.2 d




	
T5 S. hispanica

	
20

	
S. carpocapsae

	
47.6 ± 2.0 e

	
17.6 ± 1.3 e

	
14 ± 1.2 e

	
12.8 ± 1.0 e

	
0.0 ± 0.0 d




	
T6 S. hispanica

	
20

	
S. glaseri

	
88.4 ± 3.3 b

	
78.6 ± 2.3 b

	
47.8 ± 3.7 c

	
46.2 ±3.3 b

	
41.2 ± 3.0 bc




	
T7 S. hispanica

	
40

	
H. bacteriophora

	
67.6 ± 2.8 c

	
57.4 ± 1.5 c

	
44.4 ± 3.4 c

	
32 ± 3.2 bc

	
14 ± 1.2 d




	
T8 S. hispanica

	
40

	
S. carpocapsae

	
82.4 ± 1.7 b

	
78.8 ± 2.3 b

	
58.8 ± 1.5 b

	
42.4 ± 3.2 b

	
32.4 ±3.1 c




	
T9 S. hispanica

	
40

	
S. glaseri

	
88.8 ± 3.3 b

	
79.6 ± 2.4 b

	
49.6 ± 3.9 c

	
35.6 ± 3.6 bc

	
30 ± 3.1 c




	
T10 T. vulgare

	
20

	
H. bacteriophora

	
84.8 ± 1.8 b

	
74.6 ± 2.2 b

	
46.2 ± 3.6 c

	
29.4 ± 1.8 bc

	
15.4 ± 1.2 d




	
T11 T. vulgare

	
20

	
S. carpocapsae

	
88.4 ± 3.3 b

	
73.2 ± 2.2 b

	
63.4 ± 2.5 ab

	
55 ± 1.5 ab

	
38 ± 3.7 c




	
T12 T. vulgare

	
20

	
S. glaseri

	
74.4 ± 2.2 bc

	
64.6 ± 2.5 bc

	
31.8 ± 3.2 cd

	
20.8 ± 2.0 c

	
10 ± 0.9 e




	
T13 T. vulgare

	
40

	
H. bacteriophora

	
90.6 ± 2.6 a

	
80.2 ± 1.6 b

	
73.8 ± 2.2 b

	
50.8 ± 1.7 ab

	
35.2 ± 3.6 d




	
T14 T. vulgare

	
40

	
S. carpocapsae

	
82.4 ± 1.7 b

	
72.4 ± 2.1 bc

	
54 ± 1.5 b

	
42 ± 3.2 b

	
30.8 ± 3.1 c




	
T15 T. vulgare

	
40

	
S. glaseri

	
82.8 ± 1.7 b

	
72.8 ± 2.1 b

	
66.8 ± 2.8 ab

	
54 ±1.4 ab

	
41.2 ± 3.0 bc




	
T16 O. europea

	
20

	
H. bacteriophora

	
96.2 ± 2.6 a

	
86.2 ± 1.9 ab

	
44.8 ± 3.2 c

	
20.4 ± 2.0 c

	
12.8 ± 1.0 e




	
T17 O. europea

	
20

	
S. carpocapsae

	
90.8 ± 2.6 a

	
80.8 ± 1.6 ab

	
35.6 ± 3.6 cd

	
33.2 ± 3.2 e

	
30 ± 3.1 c




	
T18 O. europea

	
20

	
S. glaseri

	
96 ± 2.0 a

	
86 ± 1.8 ab

	
63.6 ± 2.5 ab

	
50.8 ± 2.1 ab

	
42.4 ± 3.1 bc




	
T19 O. europea

	
40

	
H. bacteriophora

	
90.4 ± 2.6 a

	
80 ± 1.6 ab

	
42 ± 3.0 c

	
29.6 ± 2.6 c

	
17.2 ± 1.3 d




	
T20 O. europea

	
40

	
S. carpocapsae

	
96 ± 2.0 a

	
86.4 ± 1.9 ab

	
76.4 ± 2.3 a

	
68.4 ±2.8 a

	
62.2 ± 2.4 a




	
T21 O. europea

	
40

	
S. glaseri

	
95.2 ± 1.9 a

	
85.8 ± 1.8 ab

	
40.8 ± 3.0 c

	
20.8 ± 2.0 c

	
12.7 ± 1.0 c








Mean ± standard deviation. Means with different letters in each column are statistically different (Tukey, p ≤ 0.05). DW: distilled water.













 





Table 3. Percentage of Scyphophorus acupunctatus mortality caused by nematodes bonded with oils (hours).
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Treatment (40%)

	
Time (h)




	
48

	
72

	
96

	
120

	
144

	
168






	
T1 S. glaseri 50 ± 5 nematodes + T. vulgare

	
20 ± 2.4 b

	
30 ± 3.8 bc

	
50 ± 1.6 b

	
80 ± 1.5 ab

	
80 ± 1.5 b

	
90 ± 2.7 a




	
T2 S. glaseri 100 ± 10 nematodes + T. vulgare

	
30 ± 3.8 ab

	
50 ± 1.6 b

	
70 ± 2.4 bc

	
70 ± 2.4 b

	
90 ± 2.7 a

	
90 ± 2.7 a




	
T3 S. glaseri 50 ± 5 nematodes + O. europea

	
50 ± 1.6 a

	
70 ± 2.4 ab

	
80 ± 1.5 ab

	
80 ± 1.5 ab

	
90 ± 2.7 a

	
100.0 ± 0.0 a




	
T4 S. glaseri 100 ± 10 nematodes + O. europea

	
50 ± 1.6 a

	
90 ± 2.7 a

	
90 ± 2.7 a

	
100.0 ± 0.0 a

	
100.0 ± 0.0 a

	
100.0 ± 0.0 a




	
T5 H. bacteriophora 50 ± 5 nematodes + T. vulgare

	
20 ± 2.4 b

	
50 ± 1.6 b

	
70 ± 2.4 ab

	
80 ± 1.5 a

	
90 ± 2.7 a

	
90 ± 2.7 a




	
T6 H. bacteriophora 100 ± 10 nematodes + T. vulgare

	
20 ± 2.4 b

	
40 ± 3.9 bc

	
70 ± 2.4 bc

	
70 ± 2.4 b

	
70 ± 2.4 bc

	
80 ± 1.5 b




	
T7 H. bacteriophora 50 ± 5 nematodes + O. europea

	
50 ± 1.6 a

	
70 ± 2.4 ab

	
70 ± 2.4 bc

	
90 ± 2.7 a

	
100.0 ± 0.0 a

	
100.0 ± 0.0 a




	
T8 H. bacteriophora 100 ± 10 nematodes + O. europea

	
50 ± 1.6 a

	
70 ± 2.4 ab

	
90 ± 2.7 a

	
100 ± 0.0 a

	
100.0 ± 0.0 a

	
100.0 ± 0.0 a




	
T9 DW (absolute control)

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c




	
T10 Triticum vulgare (positive control)

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c




	
T11 Olea europea (positive control)

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 d

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c

	
0.0 ± 0.0 c








Mean ± standard deviation. Means with different letters in each column are statistically different (Tukey, p ≤ 0.05). DW: distilled water.
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