


Review Article

Fall armyworm (FAW) management through entomopathogenic nematodes 

Abstract
Fall armyworm (FAW) is a dreadful pest that attacks various economically important crops in India and many other countries all over the world. Larvae of FAW damage crop by feeding in the whorl or ears of the plant and they pupate in the soil. Entomopathogenic nematodes (EPNs), Steinernema spp. and Heterorhabditis spp are obligate parasites of insects in agricultural crops. Because of their symbiotic bacteria, they are responsible for killing the host usually within 24 to 48 h. Soil is the natural habitat of EPNs and most of the insect pest species spend at least part of their life cycle in soil. However, the efficacy of EPNs to control FAW is adversely affected by unfavourable biotic and abiotic conditions. Differences in virulence, application techniques, interactions among hosts, and resource competitors as well as environmental conditions have been cited as possible reasons for variable field performance. Technical advances in EPN production and application technology will provide further opportunities to integrate the use of EPNs in FAW management programs. With new innovative methods, with better formulation and application practices we can expand EPN applications in agro-ecosystems; fostering eco-friendly FAW management. This review paper provides an overview of development of EPN research and evaluation of their potential for use against FAW.
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1.Introduction
Fall armyworm (FAW) is an alarming pest and now become a global threat to food production. It is a lepidopteran pest belongs to the Spodoptera genus, which comprises about 31 species distributed on six continents (Kenis et al., 2023). Among those species, S. frugiperda (J.E. Smith, 1797) (Family: Noctuidae) is a polyphagous pest of more than 353 species of plants, causing serious damage to economically important cultivated crops. FAW is an invasive pest native to the tropical and subtropical region of America (Todd and Poole, 1980) and now found spreading to other continents. It is regarded as a super pest based on its wide host range, inherent ability to survive in a wide range of habitats, its strong migration ability, high fecundity, rapid development of resistance to insecticides/viruses and its gluttonous characteristics. It was rated as one of the top ten out of 1187 arthropod pests by the Centre for Agriculture and Biosciences International (CABI) (Wild 2017). Host crops include cereals, forage and grasses, especially maize, rice and sorghum, and other crops, such as soybean,sugarcane, cotton ,various fruits, grapes, citrus, berries, flowers and vegetable crops (CABI, 2020). In India, FAW was first reported in maize fields in Karnataka, in 2018 (Sharanabasappa et al., 2018) with subsequent scientific reports from other regions of the country (Repalle et al.,2020).
1.1.Fall armyworm life-cycle
[bookmark: _GoBack]The FAW has a distinct lifecycle with several developmental stages: egg, larva, pupa, and adult. The larvae undergo six instars; with the first three being the most destructive as they feed on the plant tissue, resulting in defoliation, ear damage in corn, and, in severe cases, plant death. The destruction of leaves, stems and/or flowers of the plant occurs through feeding of all instar stages (Kenis et al.,2023). Late instar larvae of fall armyworm can act as cutworms; larvae consume large amounts of leaf tissue resulting in a ragged appearance of the leaves leaving a mass of moist brown frass. When late instars act as cutworms, maize losses can reach up to 100% (Fatoretto et al., 2017). Due to food preference of the larval stage for the leaves and tender shoots, especially buds, makes this pest a chewer of plant tissue, also called ‘Whorl worm’ (Li-mei et al., 2021). Fully developed larvae pupate in the soil at a depth of 3-10 cm and adults hide in whorl during day time and lay eggs on leaves. The female is having high fecundity of about 100 to 1000 eggs in clusters, densely covered with body scales. The adult moth is nocturnal and being a strong flyer, it can travel at least 100 km per night. The life cycle is completed in about 30 days under optimal conditions (28°C; 65% RH) and is multi-voltine (Tay et al.,2023). Warm, dry conditions contributed to rapid proliferation of the pest. Global climate change also may have impact on their invasiveness (Wan et al.,2021; Zanzana et al.,2024). 
Reducing its spread has now become a global challenge (Babendreier et al.,2020). Chemical insecticides applications are the major recommended practices against FAW. Indiscriminate use of chemical insecticides leads to pesticide resistance, health and environmental concerns, and development of pest biotypes that break host plant resistance. Moreover, chemical insecticides destroy beneficial natural enemies in the agro-ecosystem. Biological  management  is  an  approach  to  uphold  pest population below  the Economic Injury  Level  (EIL) where natural  enemies  are  manipulated for a long-term sustainability of the ecosystem with different ecological rationales (Zhou et al., 2024). Natural enemies of FAW would include insect parasitoids, predaceous arthropods, nematodes, and microbial pathogen such as bacteria, fungi and virus (Abbas et al., 2022). Augmentative method through human intervention generally involves manipulation of either the environment or the natural enemy itself. Several entomopathogen taxa have proven highly effective against S. frugiperda under laboratory, screen house and field conditions (Wyckhuys et al., 2024). Some of these are commercially available as biopesticides (Guo et al.,2020).
2.Entomopathogenic nematodes as biological control agent against FAW
Among the entomopathogen taxa, Entomopathogenic nematodes (EPNs) have been recognized as an important control agent in agri-ecosystem (Koppenhofer et al., 2020).The nematodes (phylum Nematoda), Steinernema spp. from the Steinernematidae and Heterorhabditis spp. from the Heterorhabditidae families under the order Rhabditida are obligate parasites of insects in various economically important agricultural crops (Kaya and Gaugler, 1993). Soil is the natural habitat of EPNs which possess a durable and motile infective stage that can actively seek out a host insect, are virulent against a broad range of insects, and do not infect mammalian and avian fauna. Because of these attributes, as well as their ease of mass production and exemption from Environmental Protection Agency (EPA) registration, a number of commercial enterprises are producing entomopathogenic nematodes as biological control agents for inundative release (Barbercheck, 1993).
2.1. Life-cycle of EPNs
The life cycle of EPN includes an egg stage, four juvenile stages, and an adult stage. The free-living third stage juvenile is a non-feeding stage present in the soil, whereas parasitic stage of infective juvenile (IJ) carry symbiotic bacteria and search for insect host and penetrate into insect where bacterial multiplication, nematode reproduction, and production of new IJs occur. The IJs penetrate into the hemocoel by invading through the natural openings (Dillman et al., 2012). Once inside the body cavity of the insect, the IJs release their symbiont bacteria. Bacteria such as Xenorhabdus and Photorhabdus are symbiotically associated with the genus Steinernema and Heterorhabditis, respectively (Boemare et al., 1993).The bacterial symbionts, are responsible for killing the host usually within 24 to 48 h, defending against secondary invaders, and providing the nematodes with nutrition. Moreover, EPNs produce and secrete effector molecules to interfere with the molecular mechanisms that control the insect innate immune function. Also, EPN effectors facilitate the subsequent release and spread of their symbiotic bacteria within the host. The nematodes molt and complete up to three generations after which IJs exit the cadaver to find new hosts. Generally, the cycle takes 7-10 days at 25oC in Galleria mellonella depending upon temperature. 
2.2. Occurrence and distribution of EPNs
Occurrence and distribution of EPNs are related to certain insect groups that are considered their suitable hosts. Some EPN species have a broad host range with diverse species and developmental stage (Arthurs et al., 2004). The prevalence of infective juveniles (IJs) of EPNs in different habitats is affected by both intrinsic (behavioral, physiological, and genetic characteristics) and extrinsic (competition, natural enemies, temperature, soil moisture, pH, soil type, soil texture, relative humidity, UV radiation, and desiccation) factors (Stuart et al., 2015). Knowledge about these factors determining their distribution in agro-ecosystems is essential to enhance the ecosystem service that EPN provide. In a survey for natural control agents of the FAW in corn fields of southern Mexico in early season, demonstrated larval mortality due to entomopathogens viz., fungi, microsporidia and parasitic nematodes was 12.99%, which were prevalent as natural control agents and affected later stages of the larvae (Ruiz-Nájera et al.,2013). During 1998, survey was conducted for indigenous FAW biological control agents from corn and sorghum fields in the Mexican states and steinernematids and heterorhabditids were collected (Lezama-Gutiérrez et al., 2001). In another survey during 2000, Heterorhabditis sp. and Steinernema sp. were isolated from soil samples from Colima with 10.9% frequency of occurrence (Molina-Ochoa et al., 2003). Raulston et al., (1992) showed that natural infection of FAW by EPNs does occur, as about 4% of FAW pupae collected in maize fields were infected and killed by EPN. S. riobravis is an important control agent for prepupae and pupae of FAW in cornfields of the Lower Rio Grande Valley (Cabanillas et al., 1994) where the nematode appears to be naturally selected for the subtropical semi-arid environment. Performance of indigenous EPN isolates was more as compared to exotic ones for the control of insect pests in their natural environment (Griffin et al., 2005). After isolation of new EPN species and strains, there should be proper investigation of their ecological properties in the local agro-climatic conditions (Grewal et al., 2002; Barbercheck, 2024). Soil is the natural habitat of EPNs and 90% of insect pest species spend at least part of their life cycle in soil (Kaya, 1990). 
2.3.Survival and persistence of EPNs
The pathogenicity, host searching behaviour, and survivability of different nematode species vary, and hence they need to be tested before field application (Kaya, 1990). Greater understanding of the fundamental ecology of these organisms in the natural environment and post-application would be of immense value in the development of more ecologically sound control approaches (Lewis et al., 2012; Shapiro-Ilan et al., 2015). The survival of Heterorhabditis and Steinernema species is dependent on abiotic and biotic factors in the environment (Kaya and Gaugler, 1993; Hiltpold, 2015). Biotic factors are choice of nematode species and rate of application, exposure durations as well as stage of insect (Shapiro-Ilan & Gaugler 2002).  Abiotic stress environments such as desiccation, temperature, and ultraviolet radiation (UV) severely impact their performance on field. Nematode survival at different temperature varies with species and strains. Enhanced environmental tolerance in EPN strains can be related to geographic origin because EPNs are expected to adapt to native conditions (Glazer, 2025). Successful parasitism by S. riobravis under field conditions may be attributed to its subtropical origin and adaptation to high temperatures (>38oC) (Raulston et al.,1992). The osmoregulatory ability of IJs may be critical, as the osmotic pressure of the spray solution increases during evaporative loss of water from the leaf (Glazer & Salame 2000). Poor survival rate in clay soil is due to the lower oxygen levels in the smaller soil pores. Oxygen is also limiting factor in water saturated soils and soils with high organic matter content. The nematodes will be most effective when applied to moist soils after irrigation or via in-furrow irrigation (Wright et al., 1993).  Formulation of the EPN IJs has been used to enhance persistence under field condition (Wu et al., 2023).
2.4. Susceptibility of FAW to EPNs
The influence of the host plant or diet on the insect susceptibility to nematode pathogenesis was previously reported by Epsky & Capinera (1994) and Barbercheck et al. (2003). FAW prepupae were more susceptible (lower LC50) to the S. carpocapsae All strain and S. riobravis when fed on ZC silk diets. In the S. carpocapsae All strain experiment, the LC50 in the least susceptible FAW prepupae, i.e., larvae which were fed RPBD and DPBD + Celufil were, 1.82-fold and 1.69-fold higher than the LC50 for the most susceptible treatment, i.e., DPBD + ZC 7.5. Similar responses were observed for S. riobravis where the LC50 were lower than those from the S. carpocapsae All strain. The LC50 for the least susceptible FAW prepupae, those from larvae fed on RPBD and DPBD + Celufil, were 2.28-fold and 1.79-fold higher than the most susceptible, those from larvae fed on DPBD + ZC 2.5. Prior to the release of EPNs, particular attention should therefore be paid to the selection of the appropriate species or strain of EPN to optimize their efficacy under given conditions (Table1). EPNs species performance differs greatly according to their biology, artificial management and the environmental conditions (Barbercheck, 2024). Virulence of EPNs differed significantly depending on the EPN strains and the developmental stage of the host. Fuxa et al., (1988) reported the effect of host age and nematode strain on susceptibility of the FAW. S. feltiae have excellent potential for certain pests in cryptic habitats and soil.  S. carpocapsae All strain and S. riobravis were the most pathogenic against 7-day-old FAW larvae, prepupae and pupae, and that the prepupae was the most susceptible stage (Molina-Ochoa et al., 1996). Philippine isolates of H.indica and S. abbasi were pathogenic to FAW larvae in laboratory tests (Duza et al., 2023). H. indica 1 NBAIIH38 and S. carpocapsae NBAIRS59 were able to penetrate and reproduce within S. frugiperda larvae, but the reproduction rate for Heterorhabditids was higher than that of Steinernematids (Patil et al., 2022). Fallet et al., (2022) suggests that S. carpocapsae (RW14-G-R3a-2) was more lethal to FAW in the field than H. ruandica (Rw18_M-Hr1a) when both species were applied with water. The invasion efficiency and reproduction assays of EPNs revealed that H. indica had higher invasion efficiency and reproduction rates compared to S. carpocapsae on different larval stages and pupae (Ratnakala et al., ,2023).The ability of entomopathogenic nematodes (EPNs) to control specific hosts may be influenced by their foraging behavior. The ambusher species, S. carpocapsae, has been observed to target highly active insects, while the cruiser species, H. indica, has shown greater effectiveness against non-mobile insects. Wang et al.,(2022) found that the virulence of different EPN strains to the third-instar larvae was better than that of the sixth-instar larvae. The same dose of EPNs was used to control the third and sixth-instar larvae of S. frugiperda, and the virulence was lower in the sixth-instar larvae. The LT50 values of different EPN strains for the third-instar larvae were lower than those of the sixth-instar larvae.  S. frugiperda pupae were treated with different EPNs strains, and the adult eclosion rate of the treated group was significantly lower than that of the sterile water control group (93.3%).Mexican and All strains of S.carpocapsae were tested against last instars of three lepidopteran species: Agrotis ipsilon, Spodoptera frugiperda , and Galleria mellonella at 10 to 100 IJs per host larva with 1 to 28% mortality in one-on-one bioassays (Espky and Capinera 1994). S. glaseri and S. feltiae overwintered and survived in the field until the next growing season and decrease the numbers of fall armyworm (Riga et al.2001).Bioassay results revealed that S. carpocapsae All caused 100 % and 62.22 % mortality of larvae and pupae of S. frugiperda (Guo et al.,2023).Laboratory results revealed that both H. indica 1 NBAIIH38 and S. carpocapsae NBAIRS59 caused 100% mortality in third- and fourth-instar larvae of S. frugiperda, while these two species caused 85% and 72% mortality in pupae, respectively. When pupae of S. frugiperda were exposed to EPNs, pupae died after metamorphosis to malformed adults (Patil et al.,2022). Ratnakala et al., (2023) observed that H. indica and S. carpocapsae had a high rate of ovicidal, larvicidal, and pupicidal effects on S. frugiperda. The EPNs also significantly affected the adults, resulting in the deformation and death. Fallet et al., (2022) reported that S.carpocapsae strain RW14-G-R3a-2 could cause 100% mortality in the second- and the third-instar larvae and close to 75% mortality in the sixth-instar larvae of S. frugiperda . 
The mortality of the third-instar larvae caused by EPNs was concentration dependent. In laboratory assays, applying as few as 50 EPN per insect resulted in 100 % mortality of all larval stages of FAW (Acharya et al., 2020). H. bacteriophora HP88 caused 65%, 95% and 85% mortality at concentrations of 100, 250 and 500 IJs per 5th instar larvae of S. frugiperda after inoculation for 4 days (Acharya et al.,2020). In a petri dish, 280 infective juveniles of Steinernema sp. can kill 100% of third-instar FAW, while 400 infective juveniles of H. indica kill 75% of FAW .The same dose of EPNs (100 IJs) treated the third- and sixth-instar larvae, the mortality of the third-instar larvae treated with two Oscheius spp. (22835, 22896), and one Heterorhabditis spp. (22855), which were all 92% for 84 h, while the mortality of the sixth-instar larvae was 56%, 52%, and 56% for 84 h, respectively(Wang et al.,2022).In laboratory assays, relevant ecological barriers to infection are typically removed; therefore foliage-feeding larvae are highly susceptible to infection in Petri plates but are seldom impacted in the field (Garcia et al., 2008). Under semi-field conditions by pre-releasing third instar larvae to whorl of corn plants. Application of H. indica and S. carpocapsae @ 500 IJs mixed with five gram of sand was applied manually to whorl led to mortality of 86.67 and 83.33%, respectively (Ratnakala et al., 2023). Efficient application of the most suitable EPN species and/or population is pivotal to successful biological control strategies. Additionally, appropriate timing of EPN release and the use of optimal equipment will result in successful biological control programs. Appropriate nozzle choice is essential to deliver the EPNs onto the leaves. Besides nozzle choice, adding surfactants to the tank may help to prevent spray droplets from rolling from leaves, by altering the surface tension of droplets (Beck et al.,2013). FAW larvae migrate from the plant to the soil and spend the pupal stage, it is during this period that it is feasible to infect them with EPNs. Smaller prepupae entering the soil from larvae that developed on resistant plants would result in enhanced mortality by EPNs and/or other biocontrol agents, preventing adults from emerging and subsequently migrating to infest other crop.  Applying EPN onto the soil surface can cause up to 86% mortality of crawling late-instar FAW larvae under greenhouse conditions (Andaló et al., 2010). Precise and targeted application further allows the use of dosages that are far lower than those commonly used against belowground pests and provides opportunities for a cost-effective use of EPN. As soil-dwelling organisms, EPN are highly susceptible to desiccation, ultraviolet radiation and heat, which limits their use against aboveground pests (Lacey and Georgis, 2012). The efficacy of EPNs to control FAW larvae feeding on maize plants is adversely affected by unfavourable abiotic conditions . Nematodes tend to be quickly inactivated by the environmental extremes (i.e. desiccation, UV radiation, temperature) (Acar & Sipes 2022). Relative humidity and temperature during and up to 8 h post-application were also predicted to influence rates of nematode infection obtained. Early morning or late night are the most efficient times to apply beneficial nematodes because they are more active at these times and are less exposed to ultraviolet (UV) light, which helps them find armyworm larvae more easily. Other efforts to increase the survival time of EPNs after aboveground application, such as mixing with a surfactant and polymer, successfully improved control efficacy via increased leaf coverage (Garcia et al., 2008). However, the impact of temperature or moisture on EPN efficacy can be changed; by choosing the right EPN strain and application at the right time of the year, with proper application technology i.e., postponing application until temperatures or moisture is optimal for the specific EPN strain used (Shapiro-Ilan et al., 2006) .Timing soil applications of S. riobravis with the life cycle of the target insect is a key efficacy factor. It is likely that if the application time coincides with the susceptible pest life stages, the control effects will increase (Griffin, 2015). Nematode dosage had a significant effect on percentages of infection. EPNs are usually applied in high numbers; up to billions of nematodes (25 IJs/cm2) is required to increase the chances of finding host insects. Application of S. carpocapsae at 500 IJs / 5 g sand / plant to the whorl, sand as carrier material significantly reduced the larval population and leaf damage of sweet corn. It was statistically on par with Chlorantraniliprole 18.5 SC whorl application. EPNs could persist in the sand and frass of FAW larvae (Ratnakala et al.,2023). The susceptibility rate of FAW to such beneficial nematodes is 23,000 per sq. ft. to target mature and young larvae spraying the nematode onto corn ears resulted in up to 71% infection and up to 53% reduction of a mixed population of H. zea and S. frugiperda, mostly the former (Richter and Fuxa, 1990). Field trial results showed that H. indica 1 NBAIIH38 significantly reduced the number of larvae and leaf damage scores compared to S. carpocapsae NBAIRS59 (Patil et al..2022). Field experiments indicated that S. carpocapsae All applied at 7.5 × 108 IJs/ha into maize leaf whorls by spot-spraying achieved control efficacy (78.98 ± 2.77 %) similarly to that by chlorantraniliprole (80.72 ± 3.64 %). It was observed that 9 days after application, 39.99–53.64 % and 18.27–22.37 % of the initial nematode population was detected in plants and soil, respectively, which indicated marked persistence of the EPNs (Guo et al., 2023). First attempts to use EPN against FAW explored the possibility of spraying EPN with water, or in combination with adjuvants, onto the leaves of maize plants. These trials resulted in inconsistent or low efficacy, mainly due to rapid desiccation of the nematodes, their incapacity to establish on the plants or the absence of substrate allowing them to move towards the caterpillars (Richter and Fuxa, 1990).Chen et al.,(2023) demonstrated 51.20% control efficacy of FAW 5 days after application of H. bacteriophora HbSD at 25,000IJs / maize plant. To resolve these limitations, EPN have been, incorporated into formulations that protect them against these abiotic factors. Fallet et al., (2022,2024) developed protective formulations in a carboxymethyl cellulose gel, applied in the whorl, the cellulose gel ensured that S. carpocapsae remained on the plants and hydrated, and facilitated FAW larval infection and was as effective as the chemical insecticide cypermethrin. FAW caterpillars mostly feed deep in the wrapped leaves of the whorl or on the cob under the husk leaves of maize plants. EPN applied into the whorl of maize or directly onto the cobs will be able to actively forage for FAW caterpillars. Moreover, the leaves will protect the EPN from unfavourable abiotic factors, providing higher humidity, reduced temperature and less radiation exposure, as compared to an open surface.  Treating maize plants with a low dose of S. carpocapsae formulated in a carboxymethyl cellulose (CMC) gel caused 100% mortality of FAW caterpillars and substantially reduced plant damage, whereas EPN applied in water or a surfactant-polymer-formulation (SPF) caused 72% and 94% mortality, respectively.  However, each formulation has its advantages and disadvantages, and each plant-pest system may need its own optimized solution.The use of different control agents (i.e. EPNs and insecticides), reduces the development of insects resistance due to the independence of the different agents action locus. The combination of insecticides and a natural enemy may decrease the adaptability to the agrochemicals, depending on the intrinsic characteristic of the system. Negrisoli et al.,(2010) found that EPN sprayed with water resulted in less than 25% FAW mortality but showed additive effects when applied in combination with insecticides. A compatibility evaluation study of insecticides or biopesticides with EPNs is necessary before recommending it to use an IPM for FAW. S. carpocapsae, S. glaseri, and H. indica, have shown compatibility with various commercial insecticides under laboratory conditions to control FAW. Lorsban™ (6.8%) and Mach™ (8.9%) were the insecticides that caused the lowest mortality to the three EPNs (Negrisoli et al.,2010). Under field condition, the best treatment was the mixture of H. indica with lufenuron (0.15 L/ha), with 62.5% larval mortality (Negrisoli et al., 2010). Patil et al., (2022) demonstrated significantly higher cob yield and reduction of larval population of FAW in EPN and emamectin benzoate-treated plots than in untreated control plots. EPNs alongside other beneficial soil organisms across different crops has shown promising results (Jaffuel et al., 2019).Similarly, the combination of resistant plants and EPNs could provide crop protection that would be biologically, ecologically, economically, and socially feasible. Minimal levels of nematodes (such as 2 nematodes per insect) resulted in enhanced mortality using the combination of plant resistance and nematodes(Molina-Ochoa et al.1999).S. carpocapsae + chlorantraniliprole or spinetoram caused fifth-instar larvae mortality of over 90% at 72 h at the high dose( registered label dosages) (Viteri et al.,2018).
3. Conclusion and future perspectives
Because many FAW host crops are staple foods, reducing losses from the pest in an economically sound and environmentally responsible manner can ensure global food security, and preserve nature. There is a growing interest in developing environmentally friendly biopesticides, including entomopathogenic nematodes which could help reduce dependence on chemical pesticides. EPNs are potential biocontrol agents of insect pests which can reduce pest populations including FAW in ecofriendly way (Fallet et al., 2024). However, the successful application of these nematodes as inundative agents against FAW continues to be somewhat indefinable. For successful use of EPNs against FAW, research and development should focus on certain considerations. Methods for augmentative biological control with local parasitoids, predators, and entomopathogens should be developed in invaded areas, as well as agroecological approaches to enhance the effectiveness of natural enemies already present in the system (Blanco-P´erez et al., 2025). Their cost-effectiveness needs to be considered, considering the value of the main crops affected by FAW. For sustainable management of FAW, knowledge of accurate identification, biology and ecology of the pests as well as their natural enemies is essential. To widen the utilization of EPN for biocontrol, isolating and screening more EPN species / strains that meet the efficacy requirements is important. To optimize the analysis of soil organisms there is a need to implement more powerful molecular tools with a finer taxonomic resolution, such as high- throughput sequencing (Dritsoulas et al., 2020; Depuydt et al., 2024). Timing of EPNs application is also important; early-instar larvae typically are more susceptible to EPN infection. Overhead EPN spray applications are often constrained by environmental factors but can be countered. Formulations protect EPNs from abiotic stress, and increase shelf life and field-level persistence and efficacy. To ensure ease of use and optimum field performance, the development of effective, practicable formulations is essential. EPN delivery through drip irrigation, gelatin capsules or cellulose gel offer innovative ways forward (Fallet et al., 2022; Ulu and Erdo˘gan, 2023). Where one single agent proves to be inadequate, agents with different modes of action can be combined, such as EPN and/or parasitoid recruitment to endophyte-exposed larvae needs to be considered.
Table.1. Bioefficacy of Entomopathogenic nematodes against FAW
	Entomopathogenic nematodes
	Experimental condition
	Mortality (%)
	References

	H. indica 
S. carpocapsae
	Semi-field conditions. 
	86.67% mortality by H.indica
83.33% mortality by S.carpocapsae @ 500 IJs;
ovicidal, larvicidal, pupicidal effects

	Ratnakala et al., (2024)

	H. indica
Steinernema sp. (IBCB-n6) 
	Lab
	100% mortality of third-instar @180IJs by Steinernema sp. 
75% mortality @ 400 IJs H. indica 
	Garcia et al., (2008),,,

	S.carpocapsae 
	Lab
	S. carpocapsae + chlorantraniliprole or spinetoram caused larvae mortality of over 90% at 72 h 
	Viteri et al.
(2018)

	S. feltiae
	Field
	71% infection,
 up to 53% reduction of a mixed population of H. zea and 
S. frugiperda 
	Richter & Fuxa (1990)

	H. indica CICR-HI-MN
CICR-HI-CL
	Lab
	High mortality of 3rd, 4th, 5th instar larvae
	Shinde et al., (2022)

	S. carpocapsae (All)
H.bacteriophora (HP88)
	Lab
	100% mortality for the 3rd and 5th larval instars by S. carpocapsae @ 80 IJs/ml
88.9% mortality by H. bacteriophora 
	Sayed et al.,
(2022)

	H. indica 1 NBAIIH38
S. carpocapsae NBAIRS59
	Lab
Field
	100% mortality in third- and fourth-instar larvae.
H. indica reduced number of larvae and leaf damage scores.
	Patil et al., (2022)

	H. indica
H. bacteriophora, 
Heterorhabditis sp.
S.carpocapsae
S. arenarium 
S. longicaudum
S. kushidai 
	Lab
Pot
	H. indica, 
S. carpocapsae, 
highly virulent against younger larvae;
S. arenarium ,
 S. longicaudum highly virulent against older larvae; 
H. indica, 
S. carpocapsae, 
S. longicaudum
were highly virulent against late larval and pupal stages
	Acharya et al., (2020)

	S.carpocapsae  
(EGAZ10)
H. indica (EGAZ5)
	Field
	89.6 %  mortality of FAW caterpillars by S.carpocapsae ;
68- 79.6% mortality of FAW caterpillars by H. indica @ 2000 or 3000 IJs/ml.
	Azazy et al.,
(2025)

	S. arenarium
Heterorhabditis sp. RSC02
	Lab
Greenhouse
	S. arenarium, Heterorhabditis sp.@ 200 IJ/, caused 100 and 97.6% and 77.5 and 87.5% mortality,
respectively
	Andaló et al., (2010)

	H.bacteriophora HbSD
	Lab
Greenhouse
	LC50 was 17.23 IJs / 3rd instar larvae at 36 h 
Spraying HbSD suspension@2000 IJs per 3rd stage larva on maize leaves also exhibited high lethal effects
	Chen et al.,(2023)

	S. feltiae Mex.
S. feltiae All
S.feltiae DD-136 x 
S.feltiae Breton
(Hybrid)
S. bibionis
	Lab
	First-instar 100% mortality with  
S. feltiae Mex. 
@ 1 IJ/ 0.7 ml
Pupae 7-20% mortality @
30 to 60 IJs /0.7 ml
	Fuxa et al., (1988),,,,

	S.carpocapsae
H. bacteriophora 
	Lab
	100% mortality of
larvae and pupae 
	Rashed et al., (2024),,,,,

	S. carpocapsae All
H. indica (EGAZ2)
	Lab
	100% mortality of all instars larvae by S. carpocapsae ; H. indica caused 100% mortality in early instar larvae @2400 IJs;
All recovery larvae post-infection died in the pupal stage or adult emerged with wing malformation.
	Mohamed & Shairra (2023)

	S. diaprepesi
	Lab
	100% with 100 IJs
	Caccia et al., (2014)

	H. indica AUT 13.2
S. siamkayai APL 12.3
	Lab
Greenhouse 
(pot)
	83% mortality of 2nd instar larvae by H. indica and
 68% mortality by 
S. siamkayai @ 250 IJs/ ml;
58% mortality by H. indica 
and 45% mortality by 
S. siamkayai@ 50,000 IJs /ml
	Wattanachaiyingcharoen et al.,(2021)

	Oscheius spp
Heterorhabditis spp.
	Lab
Pot
	92% mortality of third-instar larvae @100IJ
56% -64% mortality of third-instar larvae @4800 IJs /plant 
	Wang et al.
(2022)

	S. carpocapsae AII
S. longicaudum X-7
	Lab
	92% and 80%, mortality of second-instar larvae @ 50IJs
	Liang et al. (2020)

	H.bacteriophora (HP88)
H.indica (Mango 2)
H. alii
	Lab
	100% mortality of 3rd and  4th instar larvae @500IJs/ml/3 larvae
	Shamseldean et al. (2024)

	S.carpocapsae(All)
H.bacteriophora(HP88)
	Lab
	100% mortality of 3rd and 5th instar larva by irradiated 
S. carpocapsae @ 80 IJs/ml; 61.1-88.9% mortality by H. bacteriophora
	Sayed et al. (2022)
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