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Abstract
The ongoing use of chemical pesticides has been repeatedly associated with the possibility of insecticide resistance and devastating impacts on non-target organisms and human life. Thus, biodiversity is reduced, environmental health is endangered, and pest outbreaks worsen. A comparative efficacy of two locally isolated entomopathogenic nematode (EPN) species viz Heterorhabditis indica (H.I-1a) and Steinernema thermophyllum (S.T-1a) are evaluated against Galleria mellonella fifth instar larvae. Both isolates were obtained from soil samples collected in Tisang village, Khatauli, Meerut (Uttar Pradesh). The larvae were examined every 24 hours for signs of infection. The presence of EPN was confirmed by the mortality and characteristic symptoms in the larvae caused by nematode infection. Infected insect’s cadavers were placed on the filter paper inside the smaller dish (white traps). These white traps were monitored for the appearance of the infective juvenile (IJ) stage of the EPNs. The mortality of larvae was assessed at various concentrations and incubation periods, as indicated by median mortality values determined at different time intervals. EPN concentrations of 0 -100 IJs/larva (in 1 mL distilled water) are tested using a Petri dish bioassay method. Mortality was recorded after 24 and 48 hrs. The strain H.I-1a is found showing a higher mortality rate (9.33 ± 1.10) than S.T-1a (6.67 ± 0.94) after 48 hrs.  The findings suggest that H.indica is better adapted to local environmental conditions and demonstrates a faster infection cycle and greater larval mortality efficiency. Hence, the native isolate H. indica (H.I-1a) holds strong potential as a promising biological control agent for sustainable and ecofriendly pest management strategies in agriculture.
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Introduction
Biological control represents an environmentally sustainable and ecologically sound alternative to the use of synthetic chemical pesticides in the management of agricultural insect pests. Unlike conventional chemical approaches, which often lead to resistance development and unintended ecological consequences, biological control relies on natural enemies such as predators, parasitoids, and pathogens to regulate pest populations. Insects are comparatively less likely to develop resistance to these biological agents, as the interactions involved are dynamic and co-evolutionary in nature. Furthermore, biological control strategies contribute to the preservation of biodiversity, minimise environmental contamination, and support long-term agricultural resilience. Consequently, they are increasingly recognised as a fundamental component of integrated pest management systems in modern sustainable agriculture (1).  Soil-dwelling arthropods, including white grubs, termites, and root borers, are responsible for considerable damage to a wide range of economically important crops such as sugarcane, potato, maize, and various fruit-bearing plants. The management of these pests through synthetic pesticides is often constrained by limited efficacy, high economic costs, and potential risks to human health as well as the surrounding environment. Moreover, the persistence and non-target effects of such chemicals further exacerbate ecological concerns. In this context, biological control approaches have gained increasing attention, particularly those utilising entomopathogenic nematodes (EPNs). These organisms offer a promising, environmentally benign alternative for the sustainable management of soil-borne insect pests and are widely regarded as an integral component of modern integrated pest management strategies (2,3,4). EPNs are effective and emerging alternatives for managing this insect, and these can be utilized in classical, conservation and augmentative biological control programs. Many species of EPNs can recycle plant nutrients persisting in the environment. They may have direct or indirect effects on populations of plant parasitic nematodes (PPNs) and plant pathogens, which help in improving soil quality in one or other possible ways. These are compatible with a wide range of chemicals, viz. insecticides, fungicides, herbicides, fertilizers and biological pesticides used in integrated pest management (IPM) programs (Kumar et al., 2022).According to Suzan et al., 2023 (2), over 100 valid EPN species have been identified globally, primarily belonging to the families Heterorhabditidae and Steinernematidae .In recent years utilization of EPNs, against insect and pest has increased significantly (5). Locally isolated EPNs are adaptive to native climate and host population, they are more effective for regional pest management (8,9).To regulate pest population by biological methods, various key components of biological control programs include predators, parasites, and microbial pathogens such as bacteria, fungi, viruses, and nematodes were used in recent years (6,7). 
As these EPNs are adaptive to native climate and host population, they are more effective for regional pest management (8, 9). Therefore, this study evaluates the mortality efficacy of two locally isolated EPN strains (i) H. indica (H.I-1a) and (ii) S. thermophyllum (S.T-1a) against wax moth (Galleria mellonella) larvae. The samples were collected from villages near Muzaffarnagar and Meerut district, Uttar Pradesh. The study was conducted under laboratory conditions on an artificial diet (10).




Material and methods
Galleria mellonella 
Larvae of the greater wax moth were collected from infected beehives within the Meerut Institute of Engineering and Technology (MIET), Meerut campus. They were reared on a semi-synthetic artificial diet (10) in 5 L containers obtained locally. The container lids were perforated for aeration, and the cultures were maintained at temperature 27 ± 2°C under alternating light-dark photo-periods. The relative humidity was maintained at 65 ± 2%.  Figure 1 (a) shows the Rearing of Galleria mellonella on an artificial diet in the container used and figure 1(b) shows a closer view)
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Fig1: a)Rearing of Galleria mellonella on artificial diet (Singh et al., 2019). (b) Shows a closer view)

Soil Sampling and Preparation
Soil samples were collected from cultivated agricultural fields in a village near Muzaffarnagar (U.P.) and Meerut district. The soil type in these areas is predominantly loam. Sampling sites were selected near the rhizosphere of commonly cultivated crops, such as wheat, sugarcane, and rice. At least five random samples were taken within the particular field. The samples were collected at a depth of at least 15cm and mixed thoroughly. The mixture was used to create a single sample of 1kg for each location. Samples were labeled, sealed in polythene bags, and transported to the laboratory for analysis. Figure 2(a) shows the location enabled picture of sampling, whereas Figure 2(b) shows the sample with a transportation bag.
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Fig 2: Collection of soil samples from different place of Meerut district

Isolation of Nematodes (Baiting Method)
Approximately 200–250 grams of moist soil from each site was placed in clean and closed containers. From a total of 100 soil samples of different location from tisang village Muzaffarnagar district and Meerut district, 10 were selected for each batch, and each was tested in triplicate. The baiting method involved fifth instar larvae of Galleria mellonella (wax moth) as hosts to isolate entomopathogenic nematodes (EPN) by introducing the larvae into the sample containers. The containers were covered with muslin cloth to allow air exchange and prevent contamination. The containers were incubated at a temperature of 25± 20C to facilitate nematode infection. The larvae were examined every 24 hours for signs of infection. The presence of EPN was confirmed by the mortality and characteristic symptoms in the larvae caused by nematode infection. Infected insect’s cadavers were placed on the filter paper inside the smaller dish (white traps). These white traps were monitored for the appearance of the infective juvenile (IJ) stage of the EPNs. Once EPNs were observed emerging into the water, they were stored at 15-16 OC for bioassay test. Figure 3(a) shows the baiting of selected samples while 3(b) is the white trap assembly used for the collection of EPNs. 
     [image: ]
Fig 3: (a) Baiting of soil samples and (b) white trap for  collection of  EPNs

Bioassay experiment 
Ten Galleria mellonella 5th star larvae were placed in a petri dish lined with whatman filter paper no-1 to assess the infectivity of the two different isolated strains of EPN viz H.indica (H.I-1a) and S.thermophyllum (S.T-1a) to 5th star larvae, of galleria mellonela. For each strains  10, 25, 40, 55, 70, 85 and100 IJs/larvae dissolved in 1 ml distilled water and applied at the same time in Petridish and incubated at 25± 20C in BOD incubator for 3 days. For each strain mortality of larvae were calculated at 24 and 48 and 72 hrs of inoculation of EPNs.
Statistical Analysis
Statistical analysis was performed by Microsoft office excels. Results are expressed as the mean ± Standard deviation of three replicates.
Results and discussion
Nematode isolation 
Two EPN isolates H.I-1a and S.T-1a were obtained from soil samples collected in Tisang village, Meerut district. Galleria mellonella larvae were used for EPN isolation. EPNs change the color after causing infection in Galleria melonella 5th star larvae. Out of these, two isolated EPNs strain identify by bioassay based cadaver color observation one turned to brick red color into 5th star Galleria cadaver belonging to Heterorhabditidae family and another one changed to creamy whitish color into 5th star Galleria cadaver belonging to Steinernematidae family.
Bioasssay results  
Two native isolated species of H.I-1a and S.T-1a of EPNs were tested for pathogenicity against G.mellonella’s five star larvae; mortality was positively correlated with the concentration of IJs/Larvae. The most virulent strain was H-I-1a after 48 hours of inoculation (Table-1).
The result lined with Sahrawat et al.(11) after 48 hrs of inoculation, H.I-1a was found (9.33±1.10) dead larvae where as in S.T-1a observed (6.67±0.94) dead larvae on 100 IJs of inoculation as shown in (Table-1) 
The findings were persistent with those Atwa and Hassan. (12) Who pioneer that insect mortality diverse between high (60-90%) at different nematode concentrations. Our research revealed that G.mellonella’s 5th star larvae are more vulnerable to H.I-1a than S.T-1a with 100 % mortality at 100 IJs/larvae. These finding were consistent with those Kim et al. (13) Acharya et al. (14); Sahrawat et al. (15).
Results of our study linen with Shapiro-Illan et al (16) Radhakrishnan and Shanmugan (17), revealed that 50 % mortality of G.mellonella 5th star larvae required approx 40 IJ/larvae for H.I-1a whereas for S.T-1a a required 85 IJs/larvae for 50 % mortality of G.mellonella  5th star larvae.
Table -1 Mortality by different concentration and comparative toxicity of H.I-1a and S-T-1a after 24hrs and 48 hrs
	Conc/petri/ijs
	Heterorhabditis indica
	Steinernema.thermopyllum

	
	After 24 hrs treatment Mortality%
	After 48 hrs treatment Mortality% 
	After 24hrs treatment Mortality%
	After 48hrs treatment Mortality%

	10
	0.00±0.00
	2.00±00
	0.00±0.00
	0.33±0.47

	25
	0.67±0.47
	4.33±0.94
	0.33±0.47
	1.00±0.82

	40
	1.33±0.94
	6.33±0.94
	0.67±0.94
	2.33±1.25

	70
	3.00±0.82
	8.33±0.47
	2.33±0.47
	4.33±1.25

	85
	3.33±0.47
	8.67±0.58
	3.00±0.82
	5.67±1.70

	100
	3.67±0.94
	9.33±1.10
	3.67±0.47
	6.67±0.94


Values present a mean ±SD of three replication
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Fig. 4 Dose and Time Dependent Mortality study of Galleria mellonella Larvae Exposed to Locally Isolated Entomopathogenic Nematodes.(a) Mortality Response of H.I-1a and S-T-1a at Different Concentrations after 24 and 48 Hours (b) Mortality Response increase of of H.I-1a and S-T-1a at Different Concentrations after 24 hrs. (c) Relative Comparative Mortality Trend of of H.I-1a and S-T-1a   

Statistical Analysis 
The graphical results as shown in figure 4 revealed a clear and significant positive correlation between nematode concentration and larval mortality for both H.I-1a and S.T-1a. Figure 4(a) is Mortality Response of H.I-1a and S-T-1a at different Concentrations after 24 and 48 Hours. As shown in the mortality curves (Fig.4 (a), larval death increased progressively with higher concentrations of infective juveniles (IJs) and longer incubation periods (24 to 48 hours). At lower concentrations (10–25 IJs/larva), mortality remained below 10%, suggesting a sub lethal threshold where nematode density was insufficient to establish successful infection. A steep increase was observed between 40 and 70 IJs/larva, representing the effective infection range where nematode penetration, bacterial release, and septicemia within the larvae reached optimum intensity. Statistical estimation of the lethal dose (LD50) indicated that approximately 40 IJs/larva were required to achieve 50% mortality in the case of H. indica, whereas S. thermophyllum required around 85 IJs/larva to reach a similar effect. This difference reflects the higher virulence and infectivity of H. indica, which exhibited a steeper regression slope and stronger correlation coefficient (R² ≈ 0.96) compared to S. thermophyllum (R² ≈ 0.91). Moreover, after 48 hours, H. indica achieved nearly complete mortality (9.33 ± 1.10 larvae) at 100 IJs/larva, whereas S. thermophyllum reached only 6.67 ± 0.94 under identical conditions.
Time-dependent analysis (Fig.4 (b)) also indicates that mortality increased significantly from 24 to 48 hours for both nematodes, emphasizing the role of exposure duration in successful infection and nematode recycling within the host. The steeper time–mortality curve for H. indica suggests faster host penetration and bacterial symbiont proliferation compared to S. thermophyllum. Overall, the data demonstrate that larval mortality is strongly dose and time dependent, and that H. indica (H.I-1a) is a more potent and rapidly acting species. Its lower LD50 value and higher correlation coefficient confirm superior adaptability to local soil and climatic conditions, making it a promising indigenous biocontrol agent for eco-friendly pest management programs. Fig.4(c) represents the Relative Comparative Mortality Trend of of H.I-1a with respect to S-T-1a.  
Conclusion
The present investigation demonstrated that both Heterorhabditis indica (H.I-1a) and Steinernema thermophyllum (S.T-1a), isolated from local soils of Tisang village, possess significant pathogenic potential against Galleria mellonella larvae under laboratory conditions.  Mortality increased proportionally with higher infective juvenile concentrations and longer incubation periods, confirming a clear dose and time-dependent relationship. Among the two isolates, H. indica exhibited superior virulence, reflected by its lower LD50 value (≈40 IJs/larva) and higher correlation coefficient (R² = 0.96), compared to S.thermophyllum (LD50≈85 IJs/larva R² = 0.91). These results suggest that H.indica is better adapted to local environmental conditions and demonstrates a faster infection cycle and greater larval mortality efficiency. Hence, the native isolate H. indica (H.I-1a) holds strong potential as a promising biological control agent for sustainable and eco-friendly pest management strategies in agriculture.

Study Limitation
In the present study, the identification of EPNs was primarily carried out through bioassay-based cadaver color observation along with the isolation of their symbiotic bacteria on selective media (NBTA). The characteristic color of insect cadavers following infection, together with the growth of symbiotic bacteria associated with EPNs on specific media, served as important diagnostic indicators for confirming the presence of EPNs. At present, our laboratory does not have the necessary facilities or equipment required for molecular characterization of EPNs. Additionally, due to limited research funding, it was not feasible for us to conduct molecular identification at advanced institutes such as IARI. Therefore, the identification approach in this study was limited to established morphological and bioassay-based methods.
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