


Review Article

Modulation of Bio-efficacy of Entomopathogenic Nematodes Through Agricultural Management Practices

Abstract:
Improvement of soil structure and natural pest control are essential for plant growth promotion as well as food and fiber production. Protecting the crops against pests and diseases is an important aspect for ensuring food production as pests can reduce crop yields up to 38%. Agricultural management practices such as tillage, fertilization, irrigation, pesticide use or modification of biotic environment through crop rotation, cover crops and organic amendments have largely enhance crop yield, or otherwise may disturb the abundance and activity of beneficial organisms in the soil. Entomopathogenic nematodes (EPNs) are obligate parasites of insects, considered as excellent beneficial organism and are used in biological control programme. In the agroecosystem, EPNs are affected by various abiotic soil properties such as soil texture, moisture, temperature, and soil organic matter, which might be significantly changed by agricultural management practices and biotic factors such as natural enemies. This article provides a brief summary of understanding of the impacts of agricultural practices on EPNs. Knowledge about the impacts of agricultural management practices that determine their abundance and efficacy is essential to reveal ways to enhance the potential of EPN as biocontrol agents in a particular soil type and agricultural scenario.
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1. INTRODUCTION
Agro-ecosystems depend on important ecosystem services such as plant growth promotion, improvement of soil structure and fertility and pest control that are important for food and fiber production. Currently 38% losses to agriculture are mainly caused by insect pests (Junaid and Gokce, 2024). It is important to minimize these losses in order to ensure food security and sustainable development of agricultural production. Human health and environmental risks could challenge farmers’ pest management strategies that depend to a large degree on natural enemies. Human activities in agro-ecosystems further change the natural occurrence of natural enemies through diverse management practices. It is possible through the promotion of natural enemies, reducing tillage intensity, and avoiding broad-spectrum insecticides. Agricultural management practices can modify soil properties in ways that may disturb the abundance and activity of beneficial organisms in the soil (Blanco-P´erez et al.,2025). As the soil entomopathogens are intimately associated with their environment, any disruption of the soil structure could cause a change in activity or survival of pathogens. Habitat management, a form of conservation biological control, is an ecologically based approach aimed at favoring natural enemies and enhancing biological control in agricultural systems (Landis et al.,2000). Among the natural enemies of insect pests, entomopathogenic nematodes (EPNs) are one of the important natural enemies that have several positive attributes as biocontrol agent.
1.1. Entomopathogenic nematodes (EPNs) as natural enemies of insect pests
EPNs are a group of parasitic nematodes that are part of the natural soil mesofauna and are a factor that naturally controls insect pest populations (Koppenhöfer et al.,2020). EPNs belong to the Order Rhabditida, families Steinernematidae and Heterorhabditidae. EPNs have been isolated from either natural or managed habitats in a wide variety of soils (Hominick, 2002). The soil-dwelling, free-living form of these nematodes is the non-feeding infective juvenile (IJ). IJs enter an arthropod host predominantly through natural openings and release a symbiotic bacterium, Xenorhabdus spp. in the Steinernematidae and  Photorhabdus spp. in the Heterorhabditidae, which proliferates in and kills the host within 24-72 h before reproducing and seeking new hosts (Gulcu et al.,2017). These bacteria serve as a nutrient resource for the nematodes inside the host, and produce compounds that can protect the infected host cadaver from antagonists in the soil (Zhou et al., 2002). Upon depletion of the resources in the cadaver, IJ are formed, exit the cadaver into the soil in search of new hosts (San-Blas et al., 2024). 
EPNs have broad host ranges, kill hosts rapidly, and are environmentally safe. However, Convention on Biological Diversity, the Nagoya Protocol, regulated their use, particularly for exotic species, whose release is tightly controlled to prevent ecological risks (Londono and Frettinger, 2024). FAO advocate the use of biocontrol agents, including EPNs, to reduce pesticide use and promote sustainable agriculture. However, the efficacy of EPNs is affected by their relationship with their symbiotic bacteria, their foraging behavior, and the presence of other soil organisms that can either help or hinder their survival and spread. Therefore, effective biological control relies on understanding the trophic interactions between EPNs and agro-ecosystems, where human activities in conservation strategies can significantly impact their long-term survival (Barbercheck, 2024). Agricultural management affects both soil quality variables and EPN distribution (Campos-Herrera et al., 2008).  Understanding how common agricultural practices (conventional vs. organic systems tillage, fertilization, use of control agents) influence EPN effectiveness is very important (Campos-Herrera et al., 2019).
2. Agricultural practices that can enhance or reduce EPN populations
2.1. Cultural practices such as tillage affect soil abiotic and biotic factors, which in turn may affect the survival and activity of EPNs (Matuska et al.,2024). Tilling of soil execute activities like control of pests and weeds, incorporation of manures, fertilizers and crop residues and the control of temperature, moisture and aeration of soil (Cárceles Rodríguez et al.,2022). Tillage operations can have varied effects on EPNs, often decreasing their numbers by disrupting their habitat, but results depend on the specific EPN species and tillage intensity. While conventional tillage can negatively impact some EPN species like S.carpocapsae, it can positively affect others like S. riobrave by potentially burying them deeper in the soil. Tillage can put in the ground deeper into the soil profile, such as S. riobrave, offering them greater protection from environmental factors like heat and dryness.van Capelle et al., (2012), reported that tillage has a relatively minor impact on nematode communities compared to other agricultural practices.  In contrast, studies in wheat crops in Switzerland and vineyards in Spain found no significant differences between tilled and no-till practices on EPNs (Blanco-P´erez et al., 2022).  Conventional tillage can create greater fluctuations in soil temperature and moisture, which are critical factors for EPN survival and activity.  By disrupting soil structure, tillage can sometimes create more suitable conditions for certain nematodes by exposing insect pests or modifying the soil environment in beneficial ways for some EPN species. Temperature also influences EPNs survival, virulence, and reproduction, varying by species (Grewal et al., 2006). S. riobrave augmented in corn systems in the USA, where populations remained detectable up to one year after application (Millar and Barbercheck, 2002). However, tillage disrupts root systems and reduces the availability of potential hosts that conditions generally considered unfavorable for EPN persistence. Compaction and removal of surface residue resulting from tillage may contribute to a reduction in soil moisture and living space for soil organisms (Stinner and House, 1990). Tillage physically disturbs the soil, damaging the nematodes' habitat and reducing their survival and prevalence making them more exposed to other stressors. Tillage can physically damage or displace nematodes, especially those that reside near the surface, as seen with S. carpocapsae. The mechanical composition of soil, affects soil organisms and other conditions of the soil environment, such as the degree of soil moisture and aeration. However, the impact on EPNs is species-specific, depending on the EPN's natural dispersal and survival traits, some species may be more tolerant or sensitive to soil disturbance than others. Soil structure influences the movement, infectivity, and survival of nematodes (Harit et al., 2017). Soil texture is also one of the most important factors influencing nematode survival. S. carpocapsae and S. glaseri, infective juveniles of these species placed on sterile sandy, sandy loam, or loam soils for 16 weeks showed different degrees of survival (Campos-Herrera et al., 2008). The lowest survival rate was associated with the loam soil because the low porosity and poor aeration of this type of soil limited the survival rate of infective juveniles (Grewal et al., 2006). Research of the vertical migration of EPNs showed that it decreases in response to the increase in clay and silt content, as sandy soil make it easier for nematodes to move in this direction. Most nematode species prefer to migrate upward rather than downward, for example H. bacteriophora, which infects insects above the application site. Other species, such as S. carpocapsae, prefer to migrate downward; from the site of application of the infective juveniles, they move deep into the soil, where they effectively infest host insects. The highest infestation levels were obtained in clay-sandy soils with low moisture and in sand with high relative moisture, close to saturation (Matuska-Łyżwa et al.2024). It was shown that, as the clay content of the soil increased, the infectivity of S. glaseri decreased. Similar conditions prevailed in clay soils, which also reduced the effectiveness of the EPNs. On the other hand, the highest survival rate was recorded in sandy loam and sandy soils. It was shown that different EPN isolates can show different adaptations to the textural classes of soil. Soil under reduced tillage has lower temperatures and higher soil moisture levels compared to conventional tillage regimes, which may favor the development of disease in soil insect populations (Kung et al.,1991; Macson et al.,2022). Soil moisture is considered an important factor in influencing the infectivity of EPNs (Kaya, 1990). Adequate moisture helps nematodes reach their target, so pre-irrigation is often advised (Campos-Herrera et al.,2022).The activity of EPN natural enemies, competition with other soil organisms, affects EPN populations (Jaffuel et al.,2016). Natural enemies may make use of the high nematode density post-release, reducing efficacy within days or weeks (Duncan et al., 2007).
No-till systems augment microbial biomass and soil organic matter, which supports beneficial nematode groups and a more diverse soil food web that leads to better soil health and reduced reliance on synthetic insecticides (Campos-Herrera et al.,2010). Reduced tillage and no-till systems may offer more stable soil environments that promote higher EPN populations by providing better conditions and potentially more hosts. No-tillage minimizes soil disturbance, which protects the soil structure and the organisms within it. No-till systems often have more crop residue, creating a more complex soil environment that can influence EPN abundance and potentially provide more hosts. Hence, reduced tillage has been suggested as a method of conserving EPNs. Infectivity and persistence of S. riobrave (Texas),  S.carpocapsae and H.bacteriophora, were evaluated under tillage practices in no-till and conventional-till corn near Goldsboro, North Carolina. Results showed that H. bacteriophora was not significantly affected by tillage. Tillage had a significant negative effect on the detection of S. carpocapsae and a positive effect of S. riobrave (Millar and Barbercheck, 2001; 2002).The detection of endemic H. bacteriophora was higher in no-till compared to conventional-till in corn (Brust, 1991). Hummel (2000) found a greater percentage of bait insects infected with endemic S.carpocapsae (Fletcher) in no-till compared to clean-till corn, tomatoes, and cabbage. Ultimately, the impact of tillage on EPN efficacy is complex, with outcomes varying based on the species and other interacting factors like crop residue, soil moisture, and temperature. The presence of crop residue, which is greater under reduced tillage, favored the persistence of inundatively applied S. carpocapsae (Mexican strain) (Shapiro et al., 1999). The nematodes' dissimilar sensitivities to tillage may be fairly explained by differences in environmental tolerance ability and differences in tendencies to move deeper in the soil profile.
2.2. Pest management practices such as organic management, based on naturalized inputs, can positively affect EPN populations. The specific effect of organic amendments depends on factors such as the type of amendment, application rate, and soil properties ( Bal et al.,2017; Shapiro-Ilan.and Lewis, 2023). For example, fresh manure and urea can harm EPNs due to the release of toxic compounds and reduced oxygen availability, while composted organic matter and crop residues benefit EPNs by providing food and shelter for both nematodes and their hosts (Shapiro et al., 1999). Maintaining favorable soil pH (between 4 and 8), appropriate moisture levels, and adequate organic content supports EPN activity and survival (Kaya, 1990). While organic matter enhances soil health and provides favorable conditions for EPNs, organic matter may also stimulate the growth of other soil organisms, including potential competitors and predators (Blanco-P´erez et al., 2022). A two-year field experiment in Northern Spain revealed minimal EPN activity in annual crops, reduced activity in the conventionally managed perennial crops, and comparable activity rates between organic perennial systems and natural areas (Campos-Herrera et al., 2010). Similarly, vineyards in the same region showed higher EPN activity and abundance under organic viticulture than conventional farming (Blanco-P´erez et al., 2022).  Thus, organic amendments have a multifaceted impact on EPN populations.
2.3. Cover crops also support long-term EPN survival. Susurluk and Ehlers (2008) showed that no-till ground cover management enhanced the persistence of H. bacteriophora due to the increased availability of alternative hosts and minimized temperature fluctuations. However, the benefits of cover crops depend on the EPN species and plant type. Blanco-P´erez et al., (2020) observed that spontaneous covers increased EPN activity and abundance while retreating their natural enemies in vineyards. Conversely, flower-driven and Poaceae-based covers seemed to attract specific natural enemies, leading to a decline in EPN activity and occurrence. Overwinter plants, such as pea or mustard can support S. feltiae survival, for example, on overwinter applications, during early winter populations in Switzerland but had no positive effect on H. bacteriophora (Jaffuel et al., 2017). Soil management in carrot with reduced tillage, cover crops (clover and barley), and compost (100 kg of N/ha), would increase survival and biocontrol services of H. bacteriophora GPS11 compared with conventional management (Bal et al.,2014). Marquez (2017) observed that black oat covers increased Heterorhabditis sp. activity in corn crops compared to regular tillage, while oil radish covers had no significant effect on overall EPN activity. Moreover, type of crop can significantly affect long-term EPN persistence (Barbercheck, 2024). Forests and perennial crop systems enhance the natural occurrence of EPNs across diverse natural and agricultural environments in Swiss soils (Campos-Herrera et al., 2019). Plantation of perennial crops provides stable rhizospheres with favorable environment for EPNs, can adapt native EPN communities (Jaffuel et al., 2018).
2.4. Integrating crop rotation with no-tillage further promotes nematode diversity, leaving crop residues on the soil surface provides food for microorganisms and supports a more healthy soil food web, positively impacting nematode populations. Specific crop rotations, such as corn-alfalfa systems in New York State, have shown high EPN persistence under singular conditions (Shields et al., 2018).
2.5. Intercropping and polycultures, which involve cultivating multiple crops simultaneously, can help conserve native EPN populations by providing refuges and fostering heterogeneous rhizosphere structures (Jabbour and Barbercheck, 2008). However, the effectiveness of these practices often depends on the EPN species involved. For example, Kostenko et al., (2015) observed that steinernematids were positively supported by legume cultivations, while higher plant diversity supported heterorhabditid populations.
2.6. Conventional practices such as the application of chemical pesticides and fertilizers can have detrimental effects on EPN survival, development, and reproduction, leading to reduced infectivity. However, recommended concentrations are compatible with the EPN application (Koppenhofer and Foye, 2024).  
3.Conclusion
From the laboratory, greenhouse and field experiments it has been established that conservation biological control with EPNs is possible. Although EPNs are relatively generalist, different populations vary significantly in efficacy against specific pests and tolerance to abiotic conditions. The success of the EPN application is dependent on the selection of the EPN species, application methods, timing, environmental conditions, and agricultural practices. Production and formulation processes can also impact their performance.  Because of the considerable inter and intra-specific variability in environmental tolerances among EPNs, all nematodes species and strains will not respond similarly to different agricultural practices especially tillage practices. Understanding how practices like tillage affect EPNs is essential for optimizing their use in pest management. Understanding how agricultural practices influence EPNs is essential for developing conservation biological control programs that enhance native EPN populations. Increased awareness of potential benefits associated with soil conservation and integrated pest management practices has resulted in increased use of reduced tillage and nonchemical pest control tactics. Conservation tillage is widely accepted by farmers because of its long-term benefits to soil structure and fertility. Further research is needed to integrate EPN research with soil ecology and to better understand how agricultural practices shape EPN populations for more effective pest management.  
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