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Mass Multiplication and Bioefficacy of Metarhizium rileyi Against Tobacco Caterpillar, Spodoptera litura (Fab.) (Lepidoptera: Noctuidae)

Abstract
Spodoptera litura (Fabricius), a polyphagous pest affecting over 100 plant species, poses a serious threat to agricultural productivity, particularly in crops such as groundnut, soybean, cotton and pulses. Increasing concerns over pesticide resistance and environmental hazards have driven the search for effective biological alternatives. Metarhizium rileyi, an entomopathogenic fungus, has emerged as a promising biocontrol agent against lepidopteran pests. The present study aimed to evaluate various solid substrates for the mass production of M. rileyi and to assess its pathogenic potential against third instar larvae of S. litura under laboratory conditions. Seven substrates viz., rice, sorghum, bajra, maize, red gram, green gram and finger millet were tested for conidial yield. Among them, rice supported the highest spore production (3.7 × 10⁸ spores/mL), followed by sorghum (3.2 × 10⁸ spores/mL) and bajra (2.8 × 10⁸ spores/mL), suggesting their suitability for large-scale fungal cultivation. Pathogenicity bioassays revealed a dose-dependent increase in larval mortality, with the highest mortality (93.3%) recorded at 1 × 10⁹ spores/mL. The LC₅₀ value was estimated to be 2.87 × 10⁴ spores/mL, with a well-fitting probit regression model (χ² = 0.442; P = 0.976). These findings establish the efficiency of M. rileyi both in terms of mass multiplication and virulence against S. litura. The fungus demonstrates strong potential as a biopesticide and a viable component of integrated pest management (IPM) strategies. Future research should focus on field-level validation and formulation optimization to enhance its practical utility in sustainable crop protection.
1. INTRODUCTION
Spodoptera litura (Fabricius), commonly known as the tobacco caterpillar, is a major polyphagous pest that severely affects a variety of crops across Asia, particularly in India. It belongs to the family Noctuidae and has been recorded feeding on more than 100 plant species from over 40 botanical families, including groundnut, soybean, tomato, cotton, crucifers and pulses (Sundar et al., 2020; Devi et al., 2023). This pest is notorious for its high fecundity, strong ecological adaptability and ability to complete 5–6 overlapping generations annually under favorable conditions (Fand et al., 2015). Larvae are primarily nocturnal, feeding heavily during the night and seeking shelter at the base of plants during the day. Pupation occurs in the soil and adults emerge within a few days to complete the life cycle. Outbreaks can lead to severe yield losses, especially during the flowering and vegetative stages. For instance, S. litura infestations have resulted in yield reductions ranging from 30% to over 70% in crops like groundnut and soybean (Sundar et al., 2020; Devi et al., 2023). The pest's damage is particularly severe during its later larval instars, which consume large portions of foliage and young pods.
Multiple management approaches have been devised to manage S. litura, given its substantial impact on crop yields and its status as a major constraint in agricultural production. Farmers are often inclined to use insecticides because they are readily accessible, provide quick pest control and can contribute to improved crop yields (Bhati, 2020). However, consistent and prolonged use of synthetic insecticides, despite their initial effectiveness, has been linked to the development of resistance in pest populations over time (Ahmad et al., 2007; Perumal et al., 2023).  Resistance development, coupled with adverse environmental and non-target effects, underscores the urgency for alternative approaches.
Entomopathogenic organisms such as fungi, bacteria, viruses and nematodes—have gained attention as valuable biological control agents due to their ability to manage pest populations efficiently. These agents provide a targeted approach to pest suppression, minimizing the reliance on chemical pesticides and supporting environmentally sustainable farming systems (Sabbahi et al., 2022).  Utilizing entomopathogens aligns with Climate-Smart Agriculture by promoting farming methods that boost productivity and safeguard biodiversity. This approach also supports the Sustainable Development Goals and adheres to the objectives of the Paris Agreement (Mawcha et al., 2024).
Metarhizium rileyi (Hypocreales: Clavicipitaceae) is an entomopathogenic fungus recognized for its potential as a biological control agent, especially targeting insect pests in the order Lepidoptera, which includes many agriculturally significant pests such as noctuid moths (Binneck et al., 2019). The fungus infects and kills host larvae through spore adhesion, germination, cuticle penetration and internal proliferation, ultimately resulting in host death and sporulation on the cadaver, which can spread the infection further (Fronza et al., 2017). Mass production of M. rileyi is essential to facilitate its large-scale application as a biological control agent against lepidopteran pests such as S. litura. To ensure its timely availability, consistent efficacy and cost-effectiveness for field use, standardized and scalable production methods are required. Efficient mass multiplication also supports the development of various formulations, including powders and suspensions, that enhance shelf life, field stability and ease of application, thereby improving the overall impact of biological pest control strategies in sustainable agriculture. Hence, the present study aims to evaluate different solid substrates for the mass production of M. rileyi to identify the most efficient and cost-effective medium for high spore yield. This will support the development of potent and scalable biocontrol formulations for field application.
2. MATERIALS AND MEHODS
Seven different solid substrates namely rice, sorghum, pearl millet (bajra), maize, green gram, red gram and finger millet were used for the mass production of the entomopathogenic fungus M. rileyi. The mass multiplication of M. rileyi was carried out following the method outlined by Vimaladevi (1994), with minor modifications. Thirty grams of each crushed substrate were placed into 250 ml conical flasks, to which 27.5 ml of 0.5% yeast extract solution was added. The mixture was allowed to soak overnight at ambient temperature. Subsequently, the flasks were sterilized by autoclaving at 121°C under 15 psi pressure for 30 minutes. Once cooled, the clumped substrate was gently broken apart using a sterile glass rod. Under aseptic conditions inside a laminar airflow chamber, 1 ml of a spore suspension containing M. rileyi conidia at a concentration of 1 × 10⁸ conidia ml⁻¹ was introduced into each flask. The flasks were gently shaken to ensure even distribution of the spores and then incubated at 25°C to promote fungal growth and sporulation. Each flask represented a single replication, with five replications maintained for each substrate type. After 15 days of incubation, when full sporulation was observed. Conidia were collected by suspending them in 100 mL of sterile distilled water supplemented with 0.05% Triton-X-100. The resulting mixture was filtered using a double layer of muslin cloth and conidial concentration was estimated microsco Appenally using a Neubauer-improved hemocytometer, following the method described by Vimaladevi (1994). Further studies were carried out using M. rileyi produced on promising substrate for mass production. 
Spore suspension of 2 mL with 1 × 103, 1 × 104, 1 × 105, 1 × 106, 1 × 107 and 1 × 108 and 1 x 108 spores/mL were prepared in distilled water from the stock spore suspension. Thirty randomly selected third instar larvae were dipped in spore suspension for 5 seconds, blotted dry on a paper towel and released into a Petri dish held at 25 ± 1°C. Each treatment was replicated 3 times. The efficacy of M. rileyi against S. litura was determined using the larval dip method. 
Pre-starved third instar larvae of S. litura were used for bioassay studies to evaluate the pathogenicity of M. rileyi spores. For each treatment, 30 larvae were taken and the experiment was replicated three times. Larvae were individually dipped for 15 seconds in conidial suspensions prepared at concentrations of 1 × 10², 1 × 10³, 1 × 10⁴, 1 × 10⁵, 1 × 10⁶, 1 × 10⁷, 1 × 10⁸ and 1 × 109 spores/mL. The suspensions were prepared in sterile distilled water containing 0.01% Tween 80 to ensure even distribution of spores. After treatment, the larvae were carefully transferred into clean plastic containers lined with moist filter paper to maintain humidity. Fresh, detached castor (Ricinus communis) leaves were provided as food and these were replaced at 24-hour intervals throughout the experimental period. Larvae were maintained under controlled laboratory conditions at a temperature of 25 ± 2 °C and relative humidity of 70 ± 5% for ten days. The control group consisted of larvae treated with sterile distilled water containing 0.01% Tween 80, without any fungal spores. Larval mortality was recorded daily and dead individuals were examined for fungal outgrowth to confirm infection. All collected data were statistically analyzed using one-way Analysis of Variance (ANOVA) to determine the significance of differences among treatments, employing SPSS software 
3.  RESULTS AND DISCUSSION
The spore production of M. rileyi significantly varied across the different solid substrates tested (P < 0.01). Among the seven substrates evaluated, rice supported the highest conidial yield, recording 3.7 × 10⁸ spores/mL, which was statistically on par with sorghum (3.2 × 10⁸ spores/mL). Bajra also supported relatively high spore production (2.8 × 10⁸ spores/mL) and was grouped in a statistically similar category with sorghum. Maize and red gram yielded 2.2 × 10⁸ and 2.0 × 10⁸ spores/mL, respectively. The lowest spore counts were observed in finger millet (1.7 × 10⁸ spores/mL) and green gram (1.5 × 10⁸ spores/mL), which were significantly different from the other treatments.
Table 1. Comparative Analysis of Metarhizium rileyi Spore Yields on Various Solid Media
	Sl. No.
	Substrate
	No. of Spores/ml
       (n x 108)

	1.
	Sorghum
	3.2 + 0.03ab

	2
	Maize
	2.2 + 0.02c

	3
	Finger millet
	1.7 + 0.01d

	4
	Rice 
	3.7 + 0.03a

	5
	Red gram
	2.0 + 0.06c

	6
	Green gram
	1.5 + 0.04d

	7
	Bajra
	2.8 + 0.03b


                     Mean ± SE followed by different letters significantly differ at P ˂ 0.01 level
The results clearly indicate that the choice of substrate has a substantial influence on the mass production efficiency of M. rileyi. Rice, which supported the highest spore yield, is likely an ideal substrate due to its favorable physical structure and nutrient content that support fungal colonization and sporulation. Similar high performance was observed with sorghum, suggesting it is also a suitable alternative for large-scale conidial production. Bajra demonstrated moderately high conidial output and could be considered a viable substrate, especially where rice or sorghum are not readily available. Conversely, lower spore yields on finger millet and green gram may be attributed to suboptimal nutrient profiles or physical properties less conducive to fungal growth. Similar findings were reported by Thakre et al. (2011), who assessed various substrates for the large-scale cultivation of the entomopathogenic fungus M. rileyi. Among the tested materials, rice supported the highest spore yield, producing 5.53 × 10⁷ spores/g, indicating the superior suitability of cereal grains, particularly rice, for mass multiplication. Montecalvo and Navasero (2024) indicated that rice supported profuse growth and sporulation of M. rileyi. These findings also align with earlier studies that highlighted the importance of selecting appropriate substrates for maximizing spore production in entomopathogenic fungi (Vimaladevi, 1994). From a practical standpoint, substrates like rice and sorghum are not only effective but also economically feasible and widely available, making them suitable for commercial-scale fungal mass multiplication. These results contribute valuable insights for optimizing substrate selection in the development of fungal biopesticide formulations.
The pathogenic potential of M. rileyi against third instar larvae of S. litura was assessed at varying spore concentrations under controlled laboratory conditions (Table 2). The larval mortality exhibited a clear dose-dependent trend, with mortality percentages increasing progressively with the rise in fungal spore concentration. At the lowest concentration of 1 × 10² spores/mL, the larval mortality was 26.7%, while at 1 × 10³ spores/mL, it increased to 36.7%. Intermediate concentrations of 1 × 10⁴ and 1 × 10⁵ spores/mL recorded mortality rates of 43.3% and 50.0%, respectively. A notable increase in mortality was observed at 1 × 10⁶ and 1 × 10⁷ spores/mL, with 66.7% and 73.3% larval mortality, respectively. The highest concentrations of 1 × 10⁸ and 1 × 10⁹ spores/mL resulted in significantly higher mortality rates of 86.7% and 93.3%, indicating superior insecticidal efficacy at elevated spore loads. The control group, which received only sterile water with 0.01% Tween-80, recorded no mortality, confirming the pathogenic role of the fungus in larval mortality.
Table.2 Evaluation of Spodoptera litura Larval Response to Different Concentrations of Metarhizium rileyi in Laboratory Conditions
	Sl. No
	Treatments (Spores/ mL)
	Larval Mortality (%)

	1
	1×102
	26.7   (30.98)ᵉ  

	2
	1×103
	36.7   (37.21)ᵈᵉ  

	3
	1×104
	43.3   (41.14)ᵈ  

	4
	1×105
	50.0   (44.98)ᵈ  

	5
	1×106
	66.7   (54.76)ᶜ  

	6
	1×107
	73.3   (58.98)ᶜ  

	7
	1×108
	86.7   (68.83)ᵇ  

	8
	1×109
	93.3   (77.69)ᵃ  

	9
	Control
	0.0     (0.00)ᶠ  

	CD
	8.15

	SE(m)
	2.72


Data in the bracket are transformed values; In a column, means followed by a common letter(s) are not significantly different by DMRT (P=0.01)
The concentration-mortality (LC₅₀) response of M. rileyi against S. litura larvae is summarized in Table 3. The LC₅₀ value was determined to be 2.87 × 10⁴ spores/mL, with the 95% fiducial limits ranging from 8.93 × 10² to 3.25 × 10⁵ spores/mL, indicating the concentration required to kill 50% of the treated larvae population. The regression equation describing the concentration-mortality relationship was Y = 1.283 + 0.288X, where Y represents the probit mortality and X denotes the logarithm of the conidial concentration. The model exhibited a good fit to the experimental data, as reflected by the non-significant Chi-square value (χ² = 0.442) and a high P-value (P = 0.976), confirming the adequacy of the regression model used. These findings corroborate the pathogenic potential of M. rileyi as a biocontrol agent against S. litura, particularly at higher conidial concentrations, aligning with earlier studies that emphasize the dose-dependent virulence of entomopathogenic fungi.
Table 3. Lethal Concentration (LC50) of Metarhizium rileyi against Spodoptera litura larvae
	Concentration-mortality response
	

	LC50 (spores/mL)
	Lower Bound
	Upper Bound
	Regression Equation
	χ2
	P-value
	df

	2.87 x 104
	8.93 x 102
	3.25 x 105
	Y=1.283 + 0.288 X
	0.442
	0.976
	6


χ2: Chi-square and df: Degree of freedom
The bioassay results clearly establish a positive correlation between spore concentration of M. rileyi and larval mortality of S. litura. This dose-dependent efficacy aligns with the findings of previous researchers (Vimaladevi, 1994; Sharmila et al., 2015), who also reported that increasing concentrations of entomopathogenic fungi significantly enhanced pest mortality under laboratory conditions. The high mortality at 1 × 10⁸ and 1 × 10⁹ spores/mL suggests that M. rileyi is highly virulent and capable of effectively infecting and killing S. litura larvae when applied at appropriate doses (Liu et al., 2019). Roy et al. (2024) reported that S. litura exhibited a progressive increase in mortality with rising concentrations of Metarhizium anisopliae, reaching up to 91.01% larval mortality at the highest tested dose of 1 × 10⁸ spores/mL.


4. CONCLUSION
The present investigation highlights the potential of M. rileyi as an effective entomopathogenic agent for the management of S. litura. Among the seven tested solid substrates, rice proved to be the most suitable for mass multiplication, yielding the highest spore count, followed by sorghum and bajra. This underscores the significance of selecting appropriate, locally available substrates to enhance conidial production for large-scale biocontrol applications. Laboratory assays confirmed a concentration-dependent response in larval mortality, with the highest spore dose (1 × 10⁹ spores/mL) resulting in over 90% mortality. The calculated LC₅₀ value of 2.87 × 10⁴ spores/mL indicates high virulence of M. rileyi against third instar larvae of S. litura and the regression model provided a statistically robust fit to the dose–response data. These findings collectively affirm the biocontrol potential of M. rileyi, both in terms of scalable production and pathogenic efficacy. Incorporating such fungal biocontrol agents into integrated pest management strategies offers a viable, eco-friendly alternative to chemical insecticides. Further field-based evaluations and formulation refinements are recommended to ensure consistent performance under diverse agro-ecological conditions.
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