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Abstract. Rizkie L, Anggraeni T, Aryantha INP, Susanto A. 2026. Laboratory screening of three local entomopathogenic fungal isolates 

against third-instar Spodoptera frugiperda. Asian J Agric 10: g100181. https://doi.org/10.13057/asianjagric/g100181. The fall 

armyworm (Spodoptera frugiperda) is an important pest of maize in tropical production systems, including Indonesia. In the field, 

control of this pest still relies mainly on synthetic insecticides, making the evaluation of local biological control agents necessary. This 

study tested three local entomopathogenic fungal isolates, morphologically assigned to Beauveria, Metarhizium, and Lecanicillium, 

against third-instar S. frugiperda larvae at 10⁶-10⁹ conidia mL-¹. Day-7 mortality and sublethal responses were analyzed with generalized 

linear models, while LT and LC values were estimated by probit analysis. At 10⁹ conidia mL-¹, mortality reached 85.0% for the 

Beauveria isolate and 90.0% for the Metarhizium isolate, compared with 63.3% for the Lecanicillium isolate. LT₅₀ values at this 

concentration were 2.75, 2.56, and 5.08 days, respectively. LC estimates outside the tested concentration range were treated as assay-

based comparative indices, not as absolute toxicity thresholds. After 48 h of sublethal exposure, relative growth rate, relative 

consumption rate, and efficiency of conversion of ingested food were reduced, especially in the Beauveria and Metarhizium treatments. 

Overall, the Beauveria and Metarhizium isolates showed stronger laboratory performance against S. frugiperda larvae than the 

Lecanicillium isolate. Molecular confirmation and greenhouse or field validation are still required before practical application can be 

considered. 
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INTRODUCTION 

The fall armyworm (Spodoptera frugiperda, 

Lepidoptera: Noctuidae) is an important invasive pest of 

maize outside the native range in the Americas (Overton et 

al. 2021; Kenis et al. 2023). During the past decade, this 

polyphagous insect has spread across Africa, Asia, and 

Oceania, where outbreaks have caused serious crop losses 

(Chen et al. 2023). The larvae can attack many host plants, 

including maize, rice, and sorghum, making the pest 

difficult to manage in tropical and subtropical production 

areas (Dessie et al. 2024; Yaméogo et al. 2024). 

In Indonesia, S. frugiperda was first reported in 2019 

and quickly became an important pest of maize. Within two 

years, outbreaks had caused yield losses of 20-50% in 

several maize-growing regions (Asfiya et al. 2020; Lestari 

et al. 2024). The larvae usually damage the maize whorl, 

but feeding can also extend to the stem and cob, reducing 

crop productivity (Trisyono et al. 2024). Surveys in 

Yogyakarta showed that the pest was already widespread in 

smallholder farming systems (Putra et al. 2024), while 

reports of corn and rice strains indicate genetic variation 

that may complicate management (Puu et al. 2024). Its 

rapid dispersal, adaptability, and high reproductive capacity 

make S. frugiperda difficult to manage in maize production 

systems (Montezano et al. 2019). 

Farmers still depend largely on chemical insecticides 

when larval damage is visible in the field. This approach 

can provide rapid suppression, but intensive use has 

accelerated resistance, reduced efficacy, and raised 

environmental concerns (Togola et al. 2018; Van den Berg 

and du Plessis 2022). Reduced susceptibility to several 

insecticide classes has also been reported in S. frugiperda 

populations, so chemical control alone cannot be relied on 

as a long-term strategy (Bird et al. 2022; Khan and Ali 

2025). 

Entomopathogenic fungi are biological control agents 

used against insect pests, including lepidopteran larvae. 

Unlike many microbial agents that must be ingested, these 

fungi can infect insects through the cuticle, followed by 

host colonization and, in some cases, metabolite production 

that may affect immunity, metabolism, or feeding behavior 

(Karthi et al. 2024; Shahbaz et al. 2024). Fungal infection 

has been associated with changes in gut microbiota and 

digestive enzyme activity in S. frugiperda (Liu et al. 2023; 

Zhang et al. 2023). Pathogenicity of Beauveria and 

Metarhizium species has been reported against lepidopteran 

pests, including Helicoverpa armigera, Plutella xylostella, 

and S. frugiperda (Bathina and Bonam 2020; Gao et al. 

2022; Idrees et al. 2022; Alwaneen et al. 2024). 

Lecanicillium is more often reported from hemipteran 

hosts, although infection of lepidopteran larvae has also 
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been documented (Abdel-Raheem et al. 2020; Anshary et 

al. 2020). Virulence can differ among fungal isolates, even 

within the same genus, because isolates may differ in 

origin, host association, and infection ability (Shang et al. 

2022; Ullah et al. 2022). Local isolates therefore, need to 

be tested under laboratory conditions before further 

evaluation. 

After S. frugiperda was found in Indonesia, local 

entomopathogenic and endophytic fungi began to be tested 

against this pest. In South Sumatra, endophytic fungi from 

plant tissues around maize ecosystems, including 

Beauveria, Metarhizium, and Paecilomyces, were evaluated 

against fall armyworm larvae (Gustianingtyas et al. 2021). 

Herlinda et al. (2020) reported pathogenicity of local 

fungal isolates under regional climatic conditions, and 

Minarni et al. (2022) recorded reduced feeding, fecundity, 

and fertility after fungal exposure. In East Java, soil-

inhabiting Beauveria and Metarhizium isolates were 

pathogenic to Spodoptera litura (Afandhi et al. 2022). 

Endophytic fungi from South Sumatra also reduced S. 

frugiperda populations and leaf damage in inoculated 

maize (Rindiani et al. 2024). These studies indicate that 

local fungal isolates can affect lepidopteran pests, but 

direct comparisons against S. frugiperda under similar 

laboratory bioassay conditions remain limited. 

Comparative laboratory information is needed for 

locally sourced isolates against third-instar S. frugiperda, 

especially when lethal and sublethal responses are assessed 

together. The present study tested three individual local 

isolates morphologically assigned to Beauveria, 

Metarhizium, and Lecanicillium. These isolates were 

treated as isolate-level materials rather than as 

representatives of genus-wide performance, without 

examining local adaptation, ecological matching, or 

performance relative to non-local isolates. Mortality, LT 

and LC estimates, survival patterns, and sublethal 

nutritional responses were evaluated to provide an initial 

comparative basis for further assessment of these candidate 

isolates. 

MATERIALS AND METHODS 

Procedures 

Laboratory rearing of Spodoptera frugiperda 

Larvae of S. frugiperda were collected from a maize 

field in Jatinangor, West Java, Indonesia, and used to 

establish a laboratory colony at the Pesticides and 

Environmental Toxicology Laboratory, Universitas 

Padjadjaran, West Java. The colony was maintained on 

fresh baby corn under controlled conditions of 25±2°C, 

70±5% relative humidity, and a 12:12 h light:dark 

photoperiod. To minimize cannibalism, larvae were reared 

at low density and separated individually from the third 

instar onward. Pupae were transferred to mesh cages, 

where adults were supplied with 10% honey solution and 

provided with maize plants for oviposition. Eggs were 

collected to establish successive generations. Uniform third-

instar larvae from the F10-F11 laboratory generation were 

used in the bioassays. 

Preparation of fungal isolate and spore suspension 

Three local entomopathogenic fungal isolates 

representing the genera Beauveria, Metarhizium, and 

Lecanicillium were obtained from the Microbial Pesticide 

Subdivision, Pesticides and Environmental Toxicology 

Laboratory, Department of Plant Pests and Diseases, 

Faculty of Agriculture, Universitas Padjadjaran (Table 1). 

These isolates were originally recovered from Tenebrio 

molitor cadavers and were considered locally available 

fungal resources for comparative laboratory screening. 

Each genus was represented by a single isolate only; 

accordingly, the present study compares three individual 

local isolates rather than replicated taxonomic groups. 

Biological interpretation is therefore restricted to isolate-

level performance within genus-level identification. 

Identification was conducted to the genus level based 

on standard morphological characteristics, including 

conidial morphology, conidiogenous structures, and colony 

features, following Samson et al. (1988) and Humber 

(2012). Molecular identification, such as ITS or TEF1-α 

sequencing, was not performed because the work was 

designed as an initial laboratory bioassay-based screening 

within the available project resources. Because 

identification was based on morphology alone, the isolates 

are treated here at genus-level resolution. Their taxonomic 

identity therefore remains limited, which reduces 

reproducibility across studies and restricts interpretation to 

the tested isolates. The cultures are retained in the 

laboratory collection for possible molecular confirmation in 

future work. 

For each isolate, conidia were collected from a 1 cm 

diameter sporulating colony region. The cultures were 

grown on Potato Dextrose Agar (PDA) at 25±2°C for 30 

days before conidia were harvested. This incubation period 

was used to obtain conidia from colonies of similar 

maturity. To harvest conidia, 10 mL of sterile distilled 

water containing 0.05% Tween 80 was added to each plate, 

and the colony surface was scraped gently (Bugeme et al. 

2008). The suspension was filtered through sterile gauze to 

separate conidia from hyphal fragments. 

 

 

Table 1. Local fungal isolates used in the bioassay against Spodoptera frugiperda 

 

Isolate Isolate code Host Site of origin Coordinate Year of isolation 

Beauveria BCLSJS 2 Tenebrio molitor Cileles, Jatinangor 6°54'40.3"S, 107°46'39.1"E 2024 

Metarhizium MCBSJS 1 Tenebrio molitor Cibeusi, Jatinangor 6°56'29.0"S, 107°45'30.8"E 2024 

Lecanicillium VCBSJS 2 Tenebrio molitor Cibeusi, Jatinangor 6°56'29.0"S, 107°45'30.8"E 2024 
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Conidial concentration was counted with a 

hemocytometer after serial dilution and adjusted to 1×10⁹ 

conidia mL-¹. The stock suspension was then diluted 

tenfold to obtain 1×10⁸, 1×10⁷, and 1×10⁶ conidia mL-¹. 

These four concentrations, ranging from 10⁶ to 10⁹ conidia 

mL-¹, were used for comparative screening across isolates. 

Concentrations below 10⁶ conidia mL-¹ were not included 

because the bioassay was designed to compare isolate 

performance within a practical laboratory range. It was not 

intended to define the lower boundary of the lethal 

concentration response. 

Spore viability was checked once before the bioassays 

using a direct germination method, with three replicate 

plates for each isolate. A 150 µL aliquot of the stock 

suspension was plated onto water agar and incubated at 

25°C for 24 h. Germination was assessed by examining at 

least 300 conidia per isolate under a microscope. A 

conidium was recorded as viable when the germ tube 

length was equal to or greater than the conidium length 

(Oliveira et al. 2015). Only suspensions with germination 

rates above 85% were used in the bioassays. 

Bioefficacy evaluation of fungal isolates against 

Spodoptera frugiperda 

Third-instar S. frugiperda larvae were used to test the 

three fungal isolates using a contaminated-feed leaf-dip 

assay. Maize leaf sections were dipped in conidial 

suspension, and larvae contacted the conidia while feeding 

and moving on the treated leaf surface. Exposure therefore 

involved surface contact and incidental ingestion. Because 

leaves, not larvae, were treated, the exact number of 

conidia contacting each larva was not measured. The 

suspension concentration in conidia mL-¹ was used as the 

exposure level for the assay. It was not treated as a 

measured topical dose per larva. 

Fresh maize leaves were cut into 4×4 cm pieces and 

dipped for 30 s in the conidial suspensions, following a 

modified method of Louw et al. (2025). The dipped leaves 

were kept under sterile conditions for about 20 min until 

the surface was dry. The Beauveria, Metarhizium, and 

Lecanicillium isolates were tested at 1×10⁹, 1×10⁸, 1×10⁷, 

and 1×10⁶ conidia mL-¹. Control leaves were treated in the 

same way using sterile distilled water containing 0.05% 

Tween 80. 

For each treatment, three independent biological 

replicates were prepared. Each replicate contained 20 

larvae, giving 60 larvae per treatment. The replicates were 

kept separate to maintain independence and avoid 

pseudoreplication. This replication level was used for 

preliminary comparison among isolates, although bounded 

LC estimates and LT₈₀ values beyond the observation 

window have limited precision. Larvae were placed 

individually in sterile Petri dishes lined with moist filter 

paper. Treated leaves were given once at the start of the test 

and left for 48 h. After this period, larvae were fed 

untreated fresh maize leaves, which were replaced daily 

until the end of observation. Individual larvae served as 

biological observation units, while replicate-level data were 

used for statistical inference. 

Mortality was checked daily for seven days. The larvae 

were considered dead when they no longer responded to 

gentle probing with a fine brush. Dead larvae were surface-

sterilized with 70% ethanol and transferred to moist 

chambers to check for external fungal sporulation. This 

observation was used only as qualitative postmortem 

confirmation. The proportion of sporulating cadavers was 

not analyzed as a quantitative endpoint. Cumulative daily 

mortality was used to estimate LT₅₀ and LT₈₀, whereas day-

7 mortality was used to estimate LC₅₀ and LC₉₀. The 

bioassays were maintained at 25±2°C, 75±5% relative 

humidity, and a 12:12 h light:dark photoperiod. Because 

larvae were exposed through treated leaves rather than by 

direct application, LC values were interpreted as 

comparative indices for this laboratory system, not as 

absolute topical-dose toxicity values. 

Evaluation of sublethal effects and nutritional indices 

Sublethal effects were assessed during the first 48 h 

after treatment because larvae were still actively feeding 

during this period, allowing growth and food consumption 

to be measured. The 48-h period also limited the loss of 

larvae available for measurement as mortality increased 

after longer exposure. Nutritional indices were calculated 

following Waldbauer (1968). 

Third-instar larvae were weighed before treatment (W₁) 

and after 48 h of feeding (W₂). Maize leaf sections used as 

diet were weighed before being offered to the larvae (Wᵢ) 

and after feeding (Wf) to determine food consumption (F). 

Leaf sections without larvae were kept under the same 

conditions to correct for weight loss caused by desiccation. 

Corrected food consumption was calculated as follows: 

 

F = (Wi - Wf) - (Ci - Cf) 

 

Where, Wᵢ and Wf are the initial and final weights of 

leaves offered to larvae (g), and Cᵢ and Cf are the initial and 

final weights of control leaves (g). Feeding duration (t) was 

expressed in days. Relative Growth Rate (RGR), Relative 

Consumption Rate (RCR), and Efficiency of Conversion of 

Ingested Food (ECI) were calculated as: 

 

RGR = (W2 - W1) / (t×W1), 

 

RCR = F / (t×Wm), 

 

ECI (%) = (W2 - W1) / F×100 

 

Where, W₁ = initial larval weight (g), W₂ = final larval 

weight (g), F = amount of food consumed (g), Wm = mean 

larval weight during the feeding period (Wm = (W1 + 

W2)/2), and t = feeding duration (days). Accordingly, RGR 

and RCR are expressed in g g-¹ day-¹, and ECI in %. 

Nutritional indices were calculated for individual larvae 

that remained alive and evaluable at the end of the 48-h 

feeding period. For each treatment replicate, individual 

values were averaged to obtain one replicate-level mean, 

and these replicate means were used as the inferential 

statistical unit for ANOVA. 
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Data analysis 

Before analysis, control mortality was corrected with 

Abbott’s formula. Day-7 mortality was analyzed with a 

quasibinomial generalized linear model. Isolate, conidial 

concentration, and the isolate×concentration interaction 

were included in the model. Estimated marginal means 

were compared among isolates at each concentration using 

Sidak adjustment. 

LT₅₀ and LT₈₀ were estimated from cumulative 

mortality from day 1 to day 7. For LT estimation, a probit 

model was fitted to each biological replicate. LC₅₀ and LC₉₀ 

were estimated from day-7 mortality by fitting probit 

regression to log₁₀-transformed conidial concentration. 

Replicates were kept separate and were not pooled, so that 

independence was maintained and pseudoreplication was 

avoided. LT and LC values are reported as mean±standard 

error across biological replicates. The 95% confidence 

intervals were calculated from among-replicate variation. 

LT₈₀ values beyond the 7-day observation period were 

regarded as model-based extrapolations, not observed 

endpoints. Model fit was evaluated using deviance-based 

diagnostics. 

Survival analysis was kept separate from the probit-

based LT estimates. Kaplan-Meier curves and log-rank 

tests were used to compare time-to-death among 

treatments. These analyses provided the main survival 

comparison. Probit-derived LT values were used only as 

descriptive lethal-time summaries. 

Nutritional indices were analyzed by two-way ANOVA 

with isolate and dose as fixed factors. Individual larvae 

were the biological observation units, and replicate-level 

means were used for statistical inference. Residual 

normality and homogeneity of variance were checked for 

the ANOVA models. Control treatments were analyzed 

separately by one-way ANOVA followed by Dunnett tests. 

All analyses were performed in R version 4.4.1. 

RESULTS AND DISCUSSION 

Spore viability 

Before the bioassays, conidial germination was assessed 

for all three isolates, and each showed germination above 

85%. Mean germination rates were 90.41±0.86% for the 

Beauveria isolate, 91.67±0.52% for the Metarhizium 

isolate, and 89.23±0.79% for the Lecanicillium isolate. 

One-way ANOVA detected no significant differences 

among isolates (F₂,₆ = 2.74, p = 0.143). Given that 

inoculum quality was comparable across treatments at the 

time of application, initial conidial viability is unlikely to 

have been a primary driver of the differences in mortality 

and sublethal responses observed subsequently. 

Mortality of Spodoptera frugiperda 

Larval mortality of S. frugiperda increased with 

conidial concentration across all treatments, indicating a 

clear dose-related response. At each tested concentration, 

the Beauveria and Metarhizium isolates consistently 

produced higher mortality than the Lecanicillium isolate. 

At 1×10⁹ conidia mL-¹, day-7 mortality reached 85.0% and 

90.0% in the Beauveria and Metarhizium treatments, 

respectively, compared with 63.3% in the Lecanicillium 

treatment. 

A quasibinomial generalized linear model revealed 

significant main effects of isolate (F₂,₂₄ = 20.37, p < 0.001) 

and conidial concentration (F₃,₂₄ = 8.45, p < 0.001), 

whereas the isolate×concentration interaction was not 

significant (F₆,₂₄ = 0.78, p = 0.591). This indicates that the 

relative ranking of the three isolates remained broadly 

consistent across the tested concentration range. The same 

pattern was visible in Figure 1, where Lecanicillium 

showed only limited overlap in 95% confidence intervals 

with the other two isolates at the higher concentrations. 

Control mortality was low, with 1/20, 0/20, and 2/20 larvae 

dying in the three biological replicates, with a mean 

mortality of 5.0% and a range of 0-10%. Mortality values 

were then corrected using Abbott’s formula before 

analysis. After incubation in moist chambers, external 

sporulation was used as a qualitative postmortem check for 

fungal infection. Mycosis frequency was not recorded as a 

quantitative endpoint and was excluded from inferential 

analysis. 

Lethal time estimates (LT₅₀ and LT₈₀) 

At the highest concentration, lethal-time estimates 

separated the three isolates more clearly. At 1×10⁹ conidia 

mL-¹, the Metarhizium and Beauveria isolates reached LT₅₀ 

at 2.56 and 2.75 days, respectively, compared with 5.08 

days for the Lecanicillium isolate (Table 2). LT₈₀ values 

showed the same tendency across the concentration series, 

with lower estimates for the Beauveria and Metarhizium 

isolates. 
 

 

 

 
 

Figure 1. Mortality (%) of third-instar S. frugiperda larvae after 

exposure to the local Beauveria, Metarhizium, and Lecanicillium 

isolates at four conidial concentrations (10⁶-10⁹ conidia mL-¹). 

The isolates were assigned to genus level based on morphology. 

Each treatment comprised three biological replicates of 20 larvae 

(n = 60 per treatment). Bars show estimated marginal means with 

95% confidence intervals. Different letters indicate significant 

differences among isolates within each concentration based on 

Sidak-adjusted comparisons 
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Table 2. Day-7 mortality (%) and lethal time estimates (LT₅₀ and LT₈₀) of third-instar S. frugiperda larvae exposed to three 

entomopathogenic fungal isolates at four conidial concentrations 

 

Isolate Concentrations Mortality (%)±95% CI LT₅₀±SE (days) LT₈₀±SE (days) 

Beauveria 1×10⁹ 85.0 (78.8-89.6)b 2.75±0.25 5.75±0.45 

1×10⁸ 81.7 (75.2-86.8)b 3.96±0.26 6.95±0.39 

1×10⁷ 75.0 (68.0-80.9)b 4.48±0.15 7.22±0.26ˣ 

1×10⁶ 63.3 (55.9-70.2)b 5.12±0.17 8.67±0.49ˣ 

Metarhizium 1×10⁹ 90.0 (84.5-93.7)b 2.56±0.20 5.57±0.46 

1×10⁸ 81.7 (75.2-86.8)b 3.93±0.04 6.63±0.23 

1×10⁷ 75.0 (68.0-80.9)b 4.04±0.14 7.33±0.35ˣ 

1×10⁶ 68.3 (61.0-74.9)b 4.61±0.14 7.87±0.33ˣ 

Lecanicillium 1×10⁹ 63.3 (55.9-70.2)a 5.08±0.22 8.43±0.19ˣ 

1×10⁸ 63.3 (55.9-70.2)a 5.51±0.21 8.50±0.25ˣ 

1×10⁷ 50.0 (42.6-57.4)a 6.61±0.29 9.80±0.74ˣ 

1×10⁶ 43.3 (36.1-50.9)a 6.69±0.20 10.08±0.41ˣ 

Note: Values represent mean±SE from three biological replicates. Mortality values are Abbott-corrected estimated marginal means with 

95% confidence intervals. Different letters within each concentration indicate significant differences among isolates based on Sidak-

adjusted comparisons. LT₈₀ values marked with superscript x were extrapolated from fitted probit models because the estimated LT₈₀ 

exceeded the 7-day observation period and should therefore be interpreted as model-based comparative summaries rather than directly 

observed endpoints 

 

 

Table 3. Time-to-death estimates (LT₅₀ and LT₈₀) dataset of Spodoptera frugiperda larvae infected with three entomopathogenic fungal 

isolates (Beauveria, Metarhizium, and Lecanicillium) across four spore concentrations (10⁶-10⁹ conidia mL-¹) 

 

Isolate Concentrations 
LT₅₀ ± SE 

(days) 

LT₅₀ 95%CI 

(days) 

LT₈₀ ± SE 

(days) 

LT₈₀ 95%CI 

(days) 

Goodness-of-fit   
χ² df p-value 

Beauveria 1×10⁹ 2.75 ± 0.25 [2.23, 3.28] 5.75 ± 0.45 [4.87, 6.64] 2.14-8.48 5 0.132-0.829 

Beauveria 1×10⁸ 3.96 ± 0.26 [3.44, 4.47] 6.95 ± 0.39 [6.28, 7.61] 0.23-1.57 5 0.905-0.999 

Beauveria 1×10⁷ 4.48 ± 0.15 [4.17, 4.84] 7.22 ± 0.26 [6.79, 7.26] 0.80-1.95  5 0.856-0.977 

Beauveria 1×10⁶ 5.12 ± 0.17 [4.79, 5.46] 8.67 ± 0.49 [7.70, 9.64] 0.24-2.33  5 0.802-0.999 

Metarhizium 1×10⁹ 2.56 ± 0.20 [2.21, 2.92] 5.57 ± 0.46 [4.76, 6.38] 1.63-2.70  5 0.747-0.898 

Metarhizium 1×10⁸ 3.93 ± 0.04 [3.84, 4.02] 6.63 ± 0.23 [6.11, 7.19] 0.56-2.94  5 0.709-0.990 

Metarhizium 1×10⁷ 4.04 ± 0.14 [3.77, 4.31] 7.33 ± 0.35 [6.84, 7.82] 0.59-3.45  5 0.631-0.988 

Metarhizium 1×10⁶ 4.61 ± 0.14 [4.32, 4.89] 7.87 ± 0.33 [7.49, 8.20] 0.90-2.38  5 0.794-0.970 

Lecanicillium 1×10⁹ 5.08 ± 0.22 [4.64, 5.51] 8.43 ± 0.19 [8.06, 8.81] 0.60-1.69  5 0.890-0.988 

Lecanicillium 1×10⁸ 5.51 ± 0.21 [5.10, 5.93] 8.50 ± 0.25 [8.01, 8.99] 0.24-2.00  5 0.850-0.999 

Lecanicillium 1×10⁷ 6.61 ± 0.29 [6.05, 7.18] 9.80 ± 0.74 [8.36, 11.25] 0.85-1.26  5 0.939-0.974 

Lecanicillium 1×10⁶ 6.69 ± 0.20 [6.29, 7.09] 10.08 ± 0.41 [9.40, 10.76] 0.97-1.74  5 0.884-0.965 

Note: Values are means ± Standard Error (SE) from three independent biological replicates analyzed without pooling. LT₅₀ and LT₈₀ 

were estimated by probit regression fitted separately for each replicate, and treatment means are summarized across replicates; 95% 

Confidence Intervals (CI) are shown. Goodness-of-fit statistics (χ², df, p) are reported for the replicate-level probit models and were non-

significant (p > 0.05), indicating adequate model fit. Day-7 mortality (%) was analyzed using a quasibinomial GLM (logit link) 

including isolate × dose and replicate effects; different superscript letters within each dose indicate significant differences among 

isolates (α = 0.05; Sidak-adjusted pairwise comparisons). Control was excluded from probit model fitting 

 

 

 

Replicate-level probit models gave acceptable 

goodness-of-fit values (χ² = 0.23-8.48, df = 5, p > 0.05). 

Several LT₈₀ estimates fell outside the 7-day observation 

period. They are reported as fitted probit estimates rather 

than observed endpoints and are used only to compare 

treatments. For this reason, they require more caution than 

LT values estimated within the observation period. Kaplan-

Meier curves were analyzed with log-rank tests, and 

survival differed significantly among treatments (p < 0.05). 

The Kaplan-Meier curves and pairwise log-rank results are 

provided in Table 3. The probit-derived LT₅₀ and LT₈₀ 

values are reported as descriptive lethal-time benchmarks, 

not as the primary basis for survival inference. 

Lethal concentration estimates (LC₅₀ and LC₉₀) 

Dose-response summaries also indicated clear 

differences among isolates. For Beauveria and 

Metarhizium, day-7 mortality already exceeded 50% at the 

lowest tested concentration (1×10⁶ conidia mL-¹), so LC₅₀ 

could not be resolved numerically within the tested range 

and is therefore reported as < 1×10⁶ conidia mL-¹. In 

contrast, Lecanicillium showed lower virulence, with an 

LC₅₀ on the order of 10⁶ conidia mL-¹ that was bracketed 

within the present concentration series (Table 4). 
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Table 4. Lethal concentration estimates (LC₅₀ and LC₉₀) of S. frugiperda larvae following exposure to three entomopathogenic fungal isolates 

 

Isolate LC₅₀ (conidia mL-¹)±95% CI LC₉₀ (conidia mL-¹)±95% CI Slope±SE χ² (df) p-value 

Beauveria < 1×10⁶ (NR) 8.4×10⁹ (1.1×10⁹-6.8×10¹⁰) 0.238±0.046 0.76 (2) 0.716 

Metarhizium < 1×10⁶ (NR) 2.9×10⁹ (2.9×10⁸-3.0×10¹⁰) 0.259±0.064 0.52 (2) 0.777 

Lecanicillium 1.0×10⁶ (1.0×10⁵-1.1×10⁷) > 1×10⁹ (NR) 0.141±0.039 0.42 (2) 0.829 

Note: LC values were estimated from replicate-level probit models based on day-7 mortality. Values reported as < 1×10⁶ indicate 

estimates below the lowest tested concentration, whereas values reported as > 1×10⁹ indicate estimates above the highest tested 

concentration. LC values should be interpreted as comparative indices within the present leaf-dip laboratory system 

 

 

Table 5. Nutritional indices (RGR, RCR, and ECI) of Spodoptera frugiperda larvae exposed to entomopathogenic fungal isolates, 

including untreated control 

 

Isolate Dose 
RGR (g/g/day) RCR (g/g/day) ECI (%) 

Mean ± CI 95% Mean ± CI 95% Mean ± CI 95% 

Beauveria 109 0.121 ± (0.025-0.217) ab 0.460 ± (0.373-0.546) a 20.14 ± (13.00-27.29) ab 

Beauveria 108 0.199 ± (0.102-0.295) abc 0.545 ± (0.458-0.631) ab 28.74 ± (21.60-35.88) bc 

Beauveria 107 0.266 ± (0.170-0.362) bcd 0.716 ± (0.630-0.802) c 28.54 ± (21.40-35.69) bc 

Beauveria 106 0.300 ± (0.203-0.396) cd 1.210 ± (1.123-1.296) e 19.12 ± (11.97-26.26) ab 

Metarhizium 109 0.094 ± (-0.003-0.190) a 0.480 ± (0.393-0.566) a 14.74 ± (7.60-21.88) a 

Metarhizium 108 0.192 ± (0.095-0.288) abc 0.556 ± (0.469-0.642) ab 27.73 ± (20.58-34.87) bc 

Metarhizium 107 0.264 ± (0.168-0.360) bcd 0.952 ± (0.866-1.039) d 20.22 ± (13.08-27.37) ab 

Metarhizium 106 0.332 ± (0.236-0.429) cde 1.208 ± (1.122-1.294) e 20.47 ± (13.33-27.62) ab 

Lecanicillium 109 0.323 ± (0.227-0.419) cde 0.555 ± (0.469-0.641) ab 41.92 ± (34.77-49.06) d 

Lecanicillium 108 0.362 ± (0.266-0.458) de 0.688 ± (0.601-0.774) bc 36.94 ± (29.80-44.09) cd 

Lecanicillium 107 0.474 ± (0.378-0.571) e 1.131 ± (1.045-1.218) e 28.63 ± (21.49-35.78) bc 

Lecanicillium 106 0.401 ± (0.304-0.497) de 1.206 ± (1.119-1.292) e 23.90 ± (16.76-31.04) ab 

Control — 0.809 ± (0.712-0.905) f 1.086 ± (1.000-1.172) de 41.34 ± (34.20-48.48) d 

Group df 12 12 12 

Residual df 26 26 26 

F value 33.079 115.920 13.447 

p-value < 0.001 < 0.001 < 0.001 

Note: Values represent means ± 95% Confidence Intervals (CI) from three independent biological replicates (n = 3). Statistical 

comparisons between infected treatments and the untreated control were conducted using Dunnett’s post hoc test following one-way 

ANOVA (α = 0.05). Different superscript letters indicate significant differences relative to the control. Two-way ANOVA and Sidak-

adjusted pairwise comparisons for infected treatments only are presented in Figure 2 of the main manuscript 
 

 

At the LC₉₀ level, Beauveria and Metarhizium required 

concentrations on the order of 10⁹ conidia mL-¹ to achieve 

high mortality, whereas LC₉₀ for Lecanicillium was not 

resolved within the tested range and is therefore reported as 

> 1×10⁹ conidia mL-¹. Because several LC estimates were 

bounded outside the tested concentration range, these 

values should be interpreted primarily as comparative 

assay-based indices for relative isolate performance rather 

than as absolute toxicological thresholds. The bounded 

LC₅₀ values for Beauveria and Metarhizium further indicate 

that the concentration range used here was more suitable 

for comparative mortality screening than for precise 

calibration of lethal concentration boundaries. 

Replicate-level probit models showed acceptable 

goodness-of-fit statistics (χ² = 0.42-0.76, df = 2, p > 0.71). 

Estimated slopes are presented descriptively only and were 

not subjected to formal statistical comparison. 

Sublethal impacts on larval performance 

At 10⁹ conidia mL-¹, the Beauveria and Metarhizium 

isolates produced marked reductions in larval nutritional 

performance (Table 5). RGR was reduced to 0.121 and 

0.094 g g-¹ day-¹, and ECI decreased to 20.1% and 14.7%, 

respectively. Larvae exposed to the Lecanicillium isolate at 

the same concentration showed higher values, with RGR of 

0.323 g g-¹ day-¹ and ECI of 41.9% (Figure 2). 

Two-way ANOVA detected significant effects of 

fungal isolate, spore density, and their interaction on all 

three nutritional indices (p < 0.001). Under the Beauveria 

and Metarhizium treatments, RCR decreased from values 

above 1.0 g g-¹ day-¹ at 10⁶ conidia mL-¹ to 0.46-0.48 g g-¹ 

day-¹ at 10⁹ conidia mL-¹. In the Lecanicillium treatment, 

RCR remained higher across the concentration range, at 

0.55-1.13 g g-¹ day-¹. Compared with the Tween-only 

control, infected larvae had significantly lower RGR, RCR, 

and ECI across multiple concentrations based on Dunnett 

tests (p < 0.001). Full pairwise statistics are reported in 

Table 5. Residual normality and homogeneity of variance 

were adequate for the ANOVA models. 

Food intake and conversion of ingested food were 

lower in treated larvae than in control larvae. This 

reduction was more pronounced in the Beauveria and 

Metarhizium treatments than in the Lecanicillium 

treatment. However, this assay could not determine 

whether the response was caused by fungal infection, 

reduced feeding on conidia-coated leaves, or both. Table 6 

summarizes the lethal and sublethal indicators used to 

compare isolate performance. 
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Table 6. Integrated performance summary of three entomopathogenic fungal isolates against third-instar Spodoptera frugiperda 

 

Isolate 

Mortality 

(%)  

(10⁹ conidia 

mL-¹) 

LT₅₀  

(days) 

(10⁹ conidia 

mL-¹) 

LC₅₀  

(conidia 

mL-¹) 

RGR  

(g g-¹ day-¹) 

(10⁹ conidia 

mL-¹) 

RCR  

(g g-¹ day-¹) 

(10⁹ conidia 

mL-¹) 

ECI (%) 

(10⁹ 

conidia 

mL-¹) 

Comparative 

summary 

Metarhizium 90.0 2.56 < 1 × 10⁶ 0.094 0.480 14.7 Higher mortality, 

shorter LT₅₀, stronger 

sublethal reduction 

Beauveria 85.0 2.75 < 1 × 10⁶ 0.121 0.460 20.1 Higher mortality, 

shorter LT₅₀, stronger 

sublethal reduction 

Lecanicillium 63.3 5.08 1.0 × 10⁶ 0.323 0.555 41.9 Lower mortality, 

longer LT₅₀, weaker 

sublethal reduction 

Note: Mortality, LT₅₀, RGR, RCR and ECI values are shown at the highest tested concentration (10⁹ conidia mL-¹) to facilitate direct 

comparison of isolate performance under the present laboratory assay. LC₅₀ values were derived from dose-response analysis across the 

tested concentration range. Values for Beauveria and Metarhizium were bounded below the lowest tested concentration  
 

 

 

 
 

Figure 2. Nutritional indices of S. frugiperda larvae after exposure to the Beauveria, Metarhizium, and Lecanicillium isolates: A. 

Relative Growth Rate (RGR), B. Relative Consumption Rate (RCR), and C. Efficiency of Conversion of Ingested Food (ECI). Bars 

show estimated marginal means with 95% confidence intervals. Different letters denote significant differences among isolates within the 

same spore density 

 

 

 

Discussion 

The Beauveria and Metarhizium isolates gave higher 

day-7 mortality, shorter lethal-time summaries, and 

stronger effects on larval performance than the 

Lecanicillium isolate. Initial conidial viability was similar 

among isolates, so the pattern is unlikely to be a simple 

artifact of inoculum quality. It is best treated as an isolate-

level difference in laboratory performance. With only one 

isolate representing each genus, however, the result does 

not support a genus-level interpretation of virulence. 

All three isolates originated from agricultural 

environments in Jatinangor, West Java, and were originally 

recovered from T. molitor cadavers. Host of origin, 

however, does not reliably predict cross-host performance. 

A 
B 

C 
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Pathogenicity toward S. frugiperda is shaped by infection 

biology, host immune responses, and ecological 

compatibility, and these factors can produce divergent 

outcomes even among isolates sharing the same recovery 

host. The present results describe screening outcomes for 

three locally sourced isolates and are not evidence of host-

specialized adaptation. 

The local origin of the isolates is still relevant, but only 

as context. These fungi were available from the same broad 

agroecological setting in which future biological control 

resources may be explored. The assay does not show 

whether geographic origin gave them any performance 

advantage, since non-local isolates were not tested and 

local adaptation was not examined. Its main contribution is 

a comparative laboratory baseline for more targeted 

evaluation of the tested isolates. 

The stronger performance of the Beauveria and 

Metarhizium isolates could reflect faster conidial 

germination, more efficient cuticle penetration, or greater 

extracellular enzyme production during host invasion, 

although none of these traits were measured directly. Rapid 

establishment may be especially important against fast-

developing lepidopteran larvae, since molting can interrupt 

fungal attachment or penetration when infection progresses 

too slowly (Hong et al. 2024). The short LT values 

observed in this study are consistent with previous 

laboratory studies showing rapid mortality in S. frugiperda 

and other lepidopteran larvae after exposure to 

entomopathogenic fungi (Ramanujam et al. 2020; 

Apirajkamol et al. 2023). 

The Lecanicillium isolate acted more slowly and 

produced weaker sublethal effects than the Beauveria and 

Metarhizium isolates. This may reflect lower compatibility 

with S. frugiperda or less efficient infection under the assay 

conditions used here, although germination dynamics, 

enzyme activity, and cuticle penetration were not 

measured. Reports on Lecanicillium species more often 

involve soft-bodied pests, whereas outcomes against 

lepidopteran larvae appear more variable (Saruhan 2018; 

Ullah et al. 2022). The weaker response observed here 

should therefore be treated as an isolate-specific result, not 

as a genus-level conclusion. 

The LC estimates followed the same isolate-level order 

as the mortality and lethal-time data. LC estimation was 

limited by the concentration series used. For the Beauveria 

and Metarhizium isolates, day-7 mortality was already 

above 50% at 1×10⁶ conidia mL-¹, so LC₅₀ fell below the 

tested range. For the Lecanicillium isolate, LC₉₀ remained 

above 1×10⁹ conidia mL-¹, and confidence intervals became 

wider at higher response levels. A broader concentration 

series would improve LC estimation, especially for isolates 

that caused substantial mortality even at the lowest tested 

concentration. 

The lethal concentration estimates should also be 

interpreted with the leaf-dip method in mind. Larvae 

contacted conidia while feeding and moving on treated 

maize leaves, rather than through a measured topical 

inoculation. For that reason, the number of viable conidia 

contacting each larva could not be determined. The 

nominal suspension concentration was only an operational 

exposure index. LC values from this assay are useful for 

comparing the three isolates within the leaf-dip system, but 

they should not be treated as absolute toxicity thresholds. 

This also affects comparison with topical bioassays. 

Zalte et al. (2024) reported an LC₅₀ of 1.42×10⁷ conidia 

mL-¹ at 120 h in a topical bioassay of Beauveria against 

third-instar S. frugiperda, together with a comparatively 

steep probit slope. The shallower slopes in the present 

assay may reflect greater variation in actual conidial 

contact under leaf-dip exposure, producing a more gradual 

mortality increase across nominal concentrations. Direct 

numerical comparison between the two systems is therefore 

not warranted. 

Mortality did not capture all effects of fungal exposure. 

Lower RGR, RCR, and ECI values show that treated larvae 

also had reduced feeding performance and poorer 

conversion of ingested food. These effects were strongest 

under the Beauveria and Metarhizium treatments, matching 

their higher mortality and shorter lethal-time values. 

Similar reductions in larval growth and feeding have been 

found in other lepidopteran larvae exposed to 

entomopathogenic fungi (de Souza et al. 2020; Russo et al. 

2020). The lower food intake and poorer conversion 

observed here may be related to early infection stress, 

reduced feeding on conidia-coated leaves, or both. Because 

these effects could not be separated in the assay, the 

nutritional results indicate reduced feeding performance but 

do not identify the underlying mechanism. 

The Lecanicillium treatment gave weaker sublethal 

effects than the Beauveria and Metarhizium treatments. At 

several concentrations, its nutritional-index values 

remained higher, indicating a smaller reduction in larval 

feeding performance. This may be related to slower 

infection or a weaker early effect on feeding and food 

conversion. Partial compensatory feeding under moderate 

infection stress has been reported in other lepidopteran 

larvae (Ullah et al. 2023; Tesari et al. 2024). In this assay, 

feeding may also have been affected by larval behavior or 

by the conidia-coated leaf surface. 

Several points limit the interpretation of this study. The 

isolates were identified by morphology and retained at the 

genus level. Each genus was also represented by only one 

isolate. For this reason, the results apply to the tested 

isolates and should not be used to compare the genera as a 

whole. Molecular confirmation and testing of more isolates 

within each genus are still needed. The leaf-dip method 

also affected dose interpretation because larvae were 

exposed through treated maize leaves, not by direct 

inoculation. The exact number of conidia contacting each 

larva was not measured. Therefore, bounded LC estimates 

and LT₈₀ values extending beyond the 7-day observation 

period should be read carefully. The LT₈₀ values beyond 

this period are model-based estimates, not observed 

endpoints. Postmortem mycosis was checked only as 

qualitative confirmation and was not used as a quantitative 

endpoint. Even with these limits, the assay allowed the 

three local isolates to be compared under the same 

laboratory conditions. 

The next step should include molecular confirmation, 

testing of more isolates within each genus, wider 
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concentration ranges, and greenhouse or field evaluation. 

Formulation work or wider application should wait until 

these steps are completed. For now, the results give an 

initial basis for selecting locally sourced isolates for further 

evaluation against S. frugiperda in maize. 

In conclusion, the tested Beauveria and Metarhizium 

isolates showed stronger laboratory performance than the 

Lecanicillium isolate against third-instar S. frugiperda 

under laboratory conditions. They caused higher mortality, 

shorter LT values, and stronger reductions in larval feeding 

performance. These findings are still preliminary and 

isolate-specific because each genus was represented by 

only one isolate and identification was based on 

morphology. Molecular confirmation, testing of more 

isolates, and greenhouse or field evaluation are needed 

before the results are used for genus-level interpretation, 

formulation development, or practical application. 
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