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Insecticidal efficacy of non-Bt
bacterial strains against
diamondback moth, Plutella
xylostella (L.)

Chanchao Chem, Ghazaleh Eslamloo and Tsukasa Ito*

Department of Environmental Engineering Science, Graduate School of Science and Technology,
Gunma University, Kiryu, Japan

The diamondback moth (Plutella xylostella L.), a major global pest of cruciferous
vegetables, has resisted conventional insecticides, necessitating novel pest control
strategies. In this study, we evaluated four non-Bt bacterial strains—Mesobacillus
thioparans CC8, Bacillus mobilis CC13, Bacillus subtilis CC18, Chromobacterium
rhizoryzae 4C2, and the effectiveness of bacterial consortia against P. xylostella
L. larvae. The extracellular hemolysins and insecticidal activity utilizing the leaf-dip
method were investigated. The effect of cell concentration, larval size, and exposure
methods on insecticidal efficacy were examined. The fecal pellet examination
was used to evaluate the presence of microbial communities, while scanning
electron microscopy assessed gut damage. The findings demonstrated 100%
larval mortality within 48 h of exposure, with the artificial selection, comprising
four non-Bt bacterial strains, exhibiting enhanced efficacy compared to individual
applications. Utilizing second-instar larvae with precisely dose-dependent cell
densities increased mortality. Both leaf-dip and direct-spray application methods
showed comparable efficacy, offering flexibility for practical applications. The
target insecticidal bacteria were detected in the larval fecal microbiota, while the
larva’s external features showed damage after exposure. This study highlights the
potential of non-Bt insecticidal bacteria as an alternative strategy for managing
P. xylostella L., contributing to the development of sustainable pest management
solutions.

KEYWORDS

bacterial consortium, biopesticides, dam sediment, insecticidal bacteria, wastewater
treatment sludge

1 Introduction

The diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae), is a significant
pest of cruciferous vegetables globally. Managing P. xylostella L. has become increasingly
challenging, making it one of the most difficult pests to control worldwide (Shehzad et al.,
2023). The larvae of P. xylostella L. feed on the leaves of Brassica crops, causing substantial yield
losses, particularly in broccoli, cabbage, and cauliflower. An estimated US$ 1.4 billion is spent
annually on pesticide costs for Brassicaceae vegetable crops (Farias et al., 2020). Outbreaks can
make controlling larvae and adults difficult, often necessitating multiple insecticide
applications (Calvin and Palumbo, 2024). This pest contributes to global annual losses and
control costs of US$ 4-5 billion (Zalucki et al., 2012) and has developed resistance to 104 active
ingredients and pesticides, presenting considerable control challenges (Arthropod Pesticide
Resistance Database, 2025). Although synthetic pesticides have been widely used to mitigate
crop losses, they pose risks to both human health and the environment, such as water
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contamination, soil microbial community disruption, and biodiversity
loss (European Environment Agency, 2023; Fenibo et al., 2022).

Microbial insecticides have been significantly reported for pest
management, effectively targeting and killing insect pests (da Silva
et al., 2020; Mnif and Ghribi, 2015; Thakur et al., 2020). The most
widely utilized biological pesticide to control insect pests is the product
from Bacillus thuringiensis (Bt). These insecticidal proteins can
withstand long-term storage. Recent studies highlight the potential of
certain bacterial species, other than B. thuringiensis (non-Bt), to
produce toxic proteins that target insect larvae (Barbieri et al., 2021;
Beltran Pineda and Castellanos-Rozo, 2025). Over the past decade,
there has been a notable shift toward using new insecticidal properties,
particularly those derived from non-Bt bacteria (Barry et al., 2023).
Identifying novel non-Bt insecticidal bacteria is crucial for developing
new insecticides targeting coleopteran pests (Mi et al., 2023). Previous
studies have identified non-Bt insecticidal bacteria effective against
P, xylostella L., including Bacillus popilliae, B. lentimorbus, B. sphaericus,
Pseudomonas taiwanesis, P. entomophila, P. cedrina, P. paralactis,
P, aeruginosa, Klebsiella pneumoniae (Beltran Pineda and Castellanos-
Rozo, 2025), Photorhabdus luminescens (Guo et al., 1999), Yersinia
entomophaga (Hurst et al., 2019), and P. cedrina (Liu et al., 2019).

Utilizing non-Bt bacteria with insecticidal properties introduces
alternative modes of action against insects (Beltran Pineda and
Castellanos-Rozo, 2025). A recent study by Srujana et al. (2022)
showed that bioactive secondary metabolites produced by microbial
biopesticides accelerated metabolic processes and induced toxicity in
P, xylostella L. larvae. Hemolytic activity was used to assess insecticidal
effectiveness (Brillard et al., 2001; Bravo et al., 2018). B. thuringiensis
(Bt), a well-known biological insecticide, has been extensively studied
in insecticidal bioassays and is recognized for its hemolytic properties
(Wu et al., 2008; Nair et al., 2018). However, non-Bt insecticidal
bacteria may also exhibit hemolytic properties, offering additional
avenues for pest control.

This study aimed to identify non-Bt insecticidal bacteria and to
evaluate the effectiveness of a bacterial consortium derived from
wastewater treatment sludge and dam sediment in combating the
larvae of the diamondback moth, P. xylostella L., the most destructive
pest of cruciferous plants. We demonstrated 100% larval mortality
within 48 h of exposure, with the artificial selection of four non-Bt
bacterial strains exhibiting enhanced efficacy compared to individual
applications. Our goal is not only to conduct research but also to go
beyond purely laboratory-based research, emphasizing the practical
application of our findings in real-world settings.

2 Materials and methods
2.1 Sample collection

The dam sediment sample was collected at the Shimokubo Dam,
located on the border between Gunma and Saitama prefectures
(N36°71'57”, E139°1'21”). At the time of sampling, the water depth of
the dam was approximately 53 meters. Sampling was conducted on
June 5, 2024, using a submersible pump (Smashing cutter pump,
Model 80CA43.7, Tsurumi Manufacturing Co., Ltd., Japan) from a
small barge. The pump was placed at the bottom of the dam to collect
the bottom mud. The near-surface sediment, approximately 30 cm
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from the surface of the sediment, was pumped up at a rate of 900 kg/h
and immediately dewatered. The dewatered sediment primarily
consisted of clay and silt, with 88% of the sampled sediment being fine
particles. The total solids (TS) and volatile solids (VS) of the sediment
were 4.9 and 7.6%, respectively. The water at the bottom of the dam
had a temperature of 6-7°C, pH of 7.0-7.2, dissolved oxygen (DO) of
5.9 mg/L, and electrical conductivity (EC) of 21 mS/m. The surface
water temperature was 24-25°C. On the other hand, the activated
sludge sample was obtained from the wastewater treatment plant of
Tomioka Foods (Sano City, Japan). For dam sediment and activated
sludge, approximately 1 kg of samples were collected in sterile 50 mL
tubes and plastic bags, placed in a cool box, and transported to the
laboratory within 2 h. Each sample was then stored in a refrigerator at
3°C and used within 24 h.

2.2 Isolation and identification

The bacteria were isolated using dam-dredged sediment and
activated sludge samples. For the dam sediment sample, one gram of
the sample was suspended in 9.0 mL of sterile distilled water using a
Vortex Mixer, and a serial dilution was conducted. Aliquots of 100 pL
were plated on nutrient agar (NA, pH 7.0), which served as the
enriched medium. The nutrient agar contained 15.0 g/L of agar,
5.0 g/L of peptone, 5.0 g/L of sodium chloride, 2.0 g/L of yeast extract,
and 1.0 g/L of meat extract. The plates were incubated at 30°C for 48 h.
Afterward, the isolated colonies were selected for purification based
on their morphological characteristics. Pure cultures were obtained
by repeatedly picking and streaking the colonies onto nutrient agar
plates. For the activated sludge sample, after homogenizing 20 mL of
activated sludge using a tissue homogenizer (DREMEL 300) equipped
with a @7 mm probe, a 0.2 mL aliquot of the homogenized activated
sludge was mixed with 1.8 mL of 10% phosphate-buffered saline (pH
7.2). A serial dilution was performed, and aliquots were plated on
nutrient agar. The plates were incubated at 37°C for 48 h. The
following isolation process was the same as that conducted for the
dam sediment. The purified colonies were preserved in nutrient broth
(NB) containing 50% glycerol at —80°C for future use (Note: 50%
glycerol was used without a specific reason and is higher than the
typical 10-30% used). The full-length 16S rRNA gene sequences of the
colonies were analyzed using a colony polymerase chain reaction,
followed by Sanger sequencing, which was performed at GENEWIZ
Japan. The sequencing data are deposited in the GenBank/DDBJ/ENA
database under the accession numbers LC868238 to LC868265.

2.3 Hemolytic activity assay

The extracellular hemolysins produced by isolated strains were
assessed using Sheep Blood Agar plates (Nippon Becton Dickinson
Company Ltd., Japan). Each fresh colony on the LB plate culture was
pin-spotted on the Sheep Blood Agar plates and then incubated for
96 h at 30°C. The B. thuringiensis (NBRC 101235) and Escherichia coli
strain K-12 (NBRC 3301) served as positive and negative controls,
respectively, purchased from the National Biological Resource Center,
NITE (NBRC, Japan). The formation of a clear zone around the
bacterial colonies indicated extracellular hemolysin production. The
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diameter of the clear zone was measured with a caliper at intervals of
0, 24, 48, 72, and 96 h. The experiments were performed in triplicate.

2.4 Insecticidal activity assay using leaf-dip
method

The P xylostella L. larvae were purchased from Sumika
Technoservice Corp (Takarazuka, Japan). A mixture of larvae at both
the 3rd and 4th instar was used unless otherwise stated. The larvae
were deprived of diet for 6 h before the experiments were conducted.
Luria-Bertani (LB) medium, consisting of 15.0 g/L of agar, 10.0 g/L of
tryptone, 10.0 g/L of sodium chloride, and 5.0 g/L of yeast extract, was
used to culture all isolated strains at 30°C. A bacterial suspension was
prepared from 24-h colonies grown on LB plates. The cells were
collected and resuspended in sterile distilled water.

The bacterial strains that exhibited positive hemolytic activity
were selected to assess their insecticidal properties. The screening for
the insecticidal bioassay was conducted using an optimal bacterial
suspension of 10" CFU/mL, the measured concentration was
3 x 10" CFU/mL. Fresh leaves of cabbage (Brassica oleracea var.
capitata L.) were used due to their significant susceptibility to
P. xylostella L. Freshly clipped, cleaned leaves of B. oleracea var.
capitata L. were dipped in a bacterial suspension for 30 s before being
transferred to a plastic box (17.5 cm x 10 cm x 14 cm) containing ten
starved P, xylostella L. larvae. Leaves dipped in sterile distilled water
were used as the blank control. The B. thuringiensis (Bt) and E. coli
K-12 were served as positive and negative controls, respectively. Larval
mortality was recorded at 0, 6, 24, 36, and 48 h post-exposure. Larval
movement and mortality were observed using an Illuminated
Magnifier lamp (Otsuka Optics Co., Ltd., Tokyo, Japan). Deceased
larvae were photographed using an OLYMPUS Tough TG-3 digital
camera (12 MP CMOS sensor, f/2.0; Olympus Corporation, Japan).
All experiments were carried out in triplicate.

2.5 Effect of cell concentration on
insecticidal efficacy

This study examined the impact of dose-dependent cell density on
insecticidal efficiency. The bacteria exhibiting insecticidal activity
were further selected to evaluate the cell concentration on insecticidal
efficacy. The consortium of non-Bt bacteria was created using isolated
bacterial strains with insecticidal potential. The insecticidal
effectiveness of each strain and the consortium was assessed using the
leaf-dip method. Concentrations of bacterial suspensions were set in
10-fold dilutions between 10° and 10'. The measured results, with the
bacterial suspension concentrations of 5 x 10% 5 x 107, 4 x 10% 3 x 10°,
and 4 x 10'° CFU/mL, were utilized to assess the effect of cell
concentration on insecticidal efficacy. Larval mortality was recorded
at 48 h post-exposure. Probit regression analysis was conducted to
assess the dose-response mortality of P. xylostella L. to the bacterial
consortium using IBM SPSS Statistics version 25. The number of dead
larvae was used as the response frequency, with logy,-transformed
CFU/mL as the covariate. The lethal concentration (LCs,) and its 95%
confidence interval were estimated from the regression output. Model
fit was evaluated using the Pearson chi-square (x*) goodness-of-fit test.
Dose-response curves and residual analyses were generated to assess
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model adequacy and predictive performance. Controlled studies were
conducted with sterile distilled water without bacterial suspension,
while B. thuringiensis (Bt) was utilized as a positive control. The
insecticidal bioassay for each strain and consortium was conducted
in triplicate.

2.6 Effect of larval size on insecticidal
efficacy

Two sizes of P. xylostella L. (2nd and 4th instar larvae) were
examined in this study. We aimed for bacterial suspensions with a
concentration of 10" CFU/mL for all strains. The measured
concentrations were 7 x 10'° for CC8, 6 x 10" for CC13, 8 x 10'°
for CC18, 6 x 10' for 4C2, 8 x 10' for Bt, and 8 x 10! CFU/mL
for the bacteria consortium. These suspensions, obtained after
dilution, were employed to evaluate larval mortality using a
leaf-dip method. The bacteria exhibiting insecticidal activity were
constructed as a consortium and assessed for its insecticidal
efficacy compared with individual strains. The second and fourth
instar larvae mortality rates were compared at 0, 24, 36, and 48 h
post-exposure. Sterile distilled water without bacterial suspension
was utilized as a blank control, and B. thuringiensis (Bt) was
utilized as the positive control, respectively. Each insecticidal
bioassay was conducted in triplicate.

2.7 Microbial community of larval feces

Fecal pellets were collected from larvae during the insecticidal
activity assay and stored in sterile microcentrifuge tubes at —80°C. The
fecal samples were then sent to the Bioengineering Lab. Co., Ltd. (Atsugi,
Japan) for DNA extraction, library preparation, sequencing, and
phylogenetic analysis. To extract DNA from the fecal samples, they were
first freeze-dried and ground using a Multi Beads Shocker (Yasuikikai,
Japan) at 1,500 rpm for 2 min. Lysis Solution F (Nippon Gene, Japan)
was then added to the homogenized samples, followed by incubation at
65°C for 10 min. The samples were subsequently centrifuged at
12,000 x g for 2min, and the supernatant was collected. DNA
purification was performed using the Lab-Aid824s DNA Extraction Kit
(ZEESAN, China). For library preparation, the 2-step tailed PCR
method was employed. PCR amplification of the 16S rRNA gene was
performed using the bacterial primer pairs 341f and 805r (Takahashi
etal, 2014). The quality of the prepared library was assessed using the
Fragment Analyzer and dsDNA 915 Reagent Kit (Agilent Technologies,
USA). Sequencing was conducted using the MiSeq system and MiSeq
Reagent Kit v3 (Illumina, USA) with a 2x300bp configuration.
Sequence data processing was performed using the fastx_barcode_
splitter tool from FASTX-Toolkit (ver. 0.0.14) to organize reads according
to barcode information. Primer sequences were subsequently removed
using the fastx_trimmer tool from the same toolkit. Next, low-quality
sequences with a quality score below 20 were filtered out using sickle
(ver. 1.33), and sequences shorter than 130 bases, along with their paired
sequences, were discarded. Read merging was conducted using the
paired-end read assembly tool FLASH (ver. 1.2.11). Finally, chimera and
noise filtering were performed using the dada2 plugin in QIIME2 (ver.
2024.10), yielding representative sequences and an Amplicon Sequence
Variant (ASV) table. Taxonomic classification was carried out using the
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feature-classifier plugin, comparing representative sequences against the
Greengene (ver. 13_8) 97% OTU database (DeSantis et al., 2006).

2.8 SEM analysis of larval midgut

SEM samples were prepared following the protocol as described by
Bozzola and Russell (1999). Freshly deceased larvae were rinsed with
phosphate-buffered saline (PBS, pH 7.2) before carefully dissection of
their midguts. The gut tissues were fixed in 2.5% glutaraldehyde in 0.1 M
PBS (pH 7.2) at 4°C for 24 h. Afterward, the samples were rinsed thrice
for 10 min each with 0.1 M PBS (pH 7.2). The gut tissues were processed
with a two-step dehydration process utilizing an ethanol series of 30, 50,
70, 80, 90, 95, and 100% ethanol. Each dehydration step lasts 15 min.
The specimens were affixed to SEM stubs using carbon adhesive tape
and air-dried overnight. Subsequently, the samples were coated with a
conductive layer of osmium metal using a plasma osmium coater
(OSMIUM COATER HPC-1SW, Japan). The surface damage, including
disruptions, smoothness changes, epithelial lining detachment, pore
formation, erosion, and the collapse of gut microstructures, were
analyzed by SEM (SSX-550, Shimazu Co. Ltd., Japan).

2.9 Effect of exposure method on
insecticidal efficacy

The effect of bioassay methods on insecticidal efficacy was
examined. Two practically distinct methods of exposure, leaf dip and
direct spray, were employed to investigate insecticidal efficacy. The
leaf-dip method is to administer an oral dose to the larvae. Directly
spraying onto the larval body is to administer a dermal dose. The
leaf-dip method was described above. The direct-spray method
involved the use of bacterial suspensions at a concentration of
9 x 10" CFU/mL. Ten starved P. xylostella L. larvae were placed in a
sterile Petri dish. A 200 pL suspension of bacterial strains exhibiting
insecticidal activity was sprayed onto the larvae and cleaned B. oleracea
var. capitata L. leaves, with each Petri dish receiving 3 sprays. The
effects of different exposure methods on larval mortality were studied
at 0, 24, 36, and 48 h. Leaves dipped in sterile distilled water were used
as the blank and B. thuringiensis (Bt) was used as the positive control.

2.10 Statistical analysis

The data were analyzed using a One-way ANOVA (IBM SPSS
Statistics 25) to identify any statistical differences (p = 0.05). A Tukey
HSD Post-Hoc Test was conducted to evaluate pairwise group mean
differences, where means sharing the same letter indicate no
significant difference (p > 0.05). The mean difference is considered
significant at the 0.05 level. A compact letter display (CLD) was
generated using R version 4.4.2. Results are presented as triplicate
samples * standard deviation (SD).

2.11 Molecular analysis

We submitted colony samples of our strains to Azenta Life
Sciences Inc. (Tokyo, Japan) for 16S rRNA gene sequencing. The
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submitted colony samples underwent crude NaOH lysis to be directly
used in PCR. PCR was performed according to the company’s
standard operating procedures, using primers designed to amplify
regions V1-V9 of the 16S rRNA gene, resulting in an amplicon
approximately 1.4 kb in size. Following PCR amplification, enzymatic
cleanup was carried out using Exonuclease I and Shrimp Alkaline
Phosphatase (ExoSAP). Dye-terminator sequencing was performed
with Applied Biosystems BigDye version 3.1, and sequencing-specific
primers were utilized to generate bidirectional reads. The reactions
were analyzed on an Applied Biosystems 3730x] DNA Analyzer.
We received de novo assemblies of each strain and compared the
resulting sequences to the NCBI BLASTn database (Altschul et al.,
1990), specifically the RefSeq 16S database. The sequence with the
highest alignment score and an E-value of 0.0 was identified as the
most closely related species.

3 Results and discussion

3.1 Isolation and identification of potential
insecticidal bacteria

Different species of bacteria were obtained based on their
morphological characteristics. Through 16S rRNA gene sequencing
analysis, a total of 16 bacterial species from 10 distinct genera
Alkalihalobacillus,
Enterobacter, Exiguobacterium, Klebsiella, Mesobacillus, Metabacillus,

(Acinetobacter, Bacillus, Brevundimonas,
and Stenotrophomonas) were identified from sediment samples.
Furthermore, 11 bacterial species from 10 different genera (Bacillus,
Brevibacillus, Chromobacterium, Chryseobacterium, Corynebacterium,
Empedobacter,

Staphylococcus) were isolated from the wastewater treatment sludge.

Microbacterium, Neobacillus, Ralstonia, and
As a result, 27 bacterial species belonging to 19 different genera were
successfully isolated from both sampled sites (Table 1). Both activated
sludge from the wastewater treatment plant and dam-dredged
sediment have been reported to exhibit a high microbial diversity that
is vital for biotechnological applications (Roske et al., 20125 Ito et al.,
2021). The successful isolation and identification of bacterial species
from sediment and wastewater treatment sludge samples emphasized
the rich microbial diversity in these environments. The current study
consists of previous findings highlighting bacterial strains from
sediment and wastewater treatment plants that have been reported to
affect Lepidoptera species (Mohammedi et al., 2006; Fathy et al.,
2024). The presence of Bacillus in both environments demonstrates its
ecological versatility. Moreover, Bacillus bacteria have been reported
to control various Lepidoptera species effectively (Nelly et al., 2024)
and to disrupt the midgut membrane of these insect larvae (Kobisi
etal., 2024).

3.2 Hemolytic activity of bacterial isolates

The hemolytic activity was evaluated to determine the potential
of insecticidal toxins as microbial biopesticides that disrupt midgut
epithelial cells. An isolated strain was further evaluated for its
hemolytic activity. The Bacillus subtilis strain CC18 showed the
greatest activity among the isolated strains, with halo diameters
increasing from 4 cm at 24 h to 7.3 cm at 96 h. The positive control,
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TABLE 1 Total isolated bacteria from the dam sediment and wastewater
treatment sludge.

Isolation
source and
strain name

16S rRNA gene
sequencing for
species-level
identification

Sequence
similarity (%)

Dam sediment

CC1 Bacillus proteolyticus 99.66
cC2 Exiguobacterium acetylicum 99.59
CC3 Enterobacter mori 99.09
CC4 Metabacillus mangrovi 99.65
CC5 Stenotrophomonas maltophilia 99.32
CCe6 Klebsiella pneumoniae 99.52
CC7 Exiguobacterium profundum 99.79
CC8 Mesobacillus thioparans 99.58
CC9 Acinetobacter tandoii 99.17
CC10 Brevundimonas vesicularis 99.86
CCl11 Acinetobacter johnsonii 99.32
CC12 Alkalihalobacillus gibsonii 99.45
CC13 Bacillus mobilis 99.52
CCl4 Bacillus pseudomycoides 98.49
CCI15 Acinetobacter junii 99.86
CC17 Klebsiella pneumoniae 99.51
CC18 Bacillus subtilis 99.52
Wastewater treatment plant

2CLLW Bacillus proteolyticus 99.66
2CIW Empedobacter brevis 97.81
2CLY Chryseobacterium bernardetii 99.09
3C1 Staphylococcus hominis 99.65
3CIW Brevibacillus parabrevis 99.79
3Gl Corynebacterium vitaeruminis 99.51
3G2 Chromobacterium haemolyticum 99.17
4C2 Chromobacterium rhizoryzae 99.17
4C23100 Neobacillus cucumis 97.24
4CLP Ralstonia pickettii 99.79
4CSY Microbacterium paraoxydans 99.79

Bt, exhibited a halo diameter of 3.5 cm at 24 h, increasing to 7.9 cm
at 96 h, with no significant difference (p < 0.05) from the B. subtilis
strain CC18. The Acinetobacter junii strain CC15 and Bacillus mobilis
strain CC13 showed moderate activity. CC15 exhibited a halo
diameter of 1.1 cm at 24 h, increasing to 2.5 cm at 96 h. CC13 started
at 1.9cm at 24h, rising to 3.9cm by 96 h. Chromobacterium
rhizoryzae strain 4C2 had a halo diameter of 1.1 cm at 24 h, reaching
2.7 cm at 96 h, as shown in Figure 1A. Previous studies found that
B. subtilis produces secondary metabolites with hemolytic activity
and insecticidal effects against lepidopteran pest larvae (Osouli and
Afsharmanesh, 2016). This bacterium shows strong larvicidal activity
against lepidopterans and produces bioactive lipopeptides (Ghribi
et al, 2012; Susetyo et al., 2023). Acinetobacter has identified
p-hemolysis as the most common in this genus (Boone et al., 2021).
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Similarly, Chromobacterium species are strongly hemolytic and toxic
to various lepidopteran insects (Han et al, 2008; Blackburn
etal., 2017).

In contrast, Mesobacillus thioparans strain CC8, Stenotrophomonas
maltophilia strain CC5, and Metabacillus mangrovi strain CC4
revealed limited activity, with only minor halo increases over 96 h.
E. coli K-12 and sterile distilled water showed no halo diameter.
Figure 1B displays the halo formation among the bacterial strains,
revealing variability in activity. The hemolysis patterns demonstrated
B. subtilis strain CC18, A. junii strain CC15, M. thioparans strain CC8,
B. thuringiensis (Bt), S. maltophilia strain CC5, B. mobilis strain CC13,
and C. rhizoryzae strain 4C2 exhibit f-hemolysis, characterized by a
clear and transparent zone surrounding the bacterial colonies,
indicating destruction of red blood cells. In contrast, M. mangrovi
strain CC4 displays a-hemolysis, identified by partially destroying red
blood cells and oxidizing hemoglobin. E. coli K-12 is classified as
7-hemolysis, indicated by no visible change to the agar around the
bacterial colonies, which signifies no hemolysis.

Insecticidal bacteria produce hemolysin, which is evident as a lysis
zone on blood agar plates. Isolated strains showed positive hemolysis
around their colonies, indicating biochemical and insecticidal
properties against lepidopteran pests. Previous studies indicated that
bacteria with hemolytic activities may possess potential insecticidal
properties (Naimov et al., 2008; Nair et al., 2018; Mollah et al., 2020).
While hemolytic activity may indicate possible insecticidal properties,
it also raises concerns about its effects on non-target organisms
(Belousova et al,, 2021). Therefore, using hemolytic strains to identify
insecticidal toxins should be carefully ensured to avoid non-target
species. As a result, promising isolates with significant hemolytic
activity, particularly strains CC4, CC5, CC8, CC13, CC15, CC18, and
4C2, have been chosen for an insecticidal activity assay using the
leaf-dip method.

3.3 Insecticidal activity assay

The leaf-dip method was utilized to assess insecticidal activity.
Isolated bacterial strains with hemolytic activity were selected for
insecticidal potential through the leaf-dip method, with mortality
rates recorded after specific exposure intervals. The larvae were
observed to be sluggish and stopped feeding, while the dead larvae
turned black (Figure 2), as described by Devi et al. (2022). As
illustrated in Figure 3, B. subtilis strain CC18 showed an increasing
mortality rate, reaching 33% at 24 h, 50% at 36 h, and 100% at 48 h.
Similarly, B. mobilis strain CC13 and C. rhizoryzae strain 4C2
demonstrated a significant increase in mortality, starting at 36 and
50% at 24 h, respectively, and reaching 100% by 48 h. Bt displayed a
rapid biopesticidal effect, achieving 100% mortality within 24 h,
showcasing its well-established entomopathogenic properties as a
biopesticide. The A. junii strain CC15, S. maltophilia strain CC5, and
M. mangrovi strain CC4 showed low mortality rates of around 26 and
23% after 48 h, indicating limited pesticidal potential.

In contrast, M. thioparans strain CC8 had a slower onset, reaching
43% mortality at 36 h and 100% at 48 h, suggesting it may still be a
viable biopesticidal agent. As a negative control, E. coli K-12 showed
minimal mortality at 13% after 48 h, confirming the effectiveness of
other tested strains. Sterile distilled water maintained 0% mortality,
indicating no external pesticidal effects. Among our strains, B. subtilis
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CC18, M. thioparans CC8, B. mobilis CC13, and C. rhizoryzae 4C2
achieved complete mortality within 48 h. Strains such as A. junii
CC15, S. maltophilia CC5, and M. mangrovi CC4 showed limited
efficacy. Although CC5 and CCl5 demonstrated hemolysis
comparable to CC8 and 4C2, their insecticidal activity efficacy
indicated the characteristics of the species. Further investigation is
needed to explore specific metabolites and characterize the bioactive
compounds responsible for the insecticidal effects. Future studies
focusing on these aspects will enhance our mechanistic understanding
of these non-Bt strains.

Strains CC18, CC8, CC13, and 4C2 demonstrated f-hemolysis
(Figure 1B), indicating a link between hemolytic activity and the
efficacy observed in the insecticidal bioassay (Figure 3). B. subtilis
species has been reported to produce insecticidal metabolites (Abd
El-Salam et al., 2011; Yang et al., 2017; Rocha et al., 2023), and the
genus Bacillus is widely distributed in sustainable agriculture, making
it one of the most commonly used insecticides (Villarreal-Delgado
et al., 2018). Mesobacillus has been reclassified from Bacillus (Patel and
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Gupta, 2020), and the Bacillus species is most well-known for its
insecticidal properties. The insecticidal potential of Mesobacillus is not
as well established. However, our findings indicate that Mesobacillus
species might have insecticidal properties. Chromobacterium is known
for its production of insecticidal compounds (Blackburn et al., 2017;
Tikhe et al., 2024).

3.4 Effect of cell concentration on
insecticidal efficacy

Cell concentration significantly affected insecticidal efficacy,
demonstrating a dose-dependent relationship with mortality rates.
The findings highlight the importance of sufficient cell density for
optimal effectiveness. The selected individual strains CC8, CC13,
CC18, and 4C2 showed low mortality rates (less than 20%)
5x10°CFU/mL and 5x 10" CFU/mL. However, they showed
significantly higher mortality rates (50-57%) at 4 x 10° CFU/mL and
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FIGURE 2
Plutella xylostella L. larvae at 6, 24, 36, and 48 h post-exposure to the selected isolated strains CC8, CC13, CC18, 4C2, and a consortium (a mixture of
CC8, CC13, CC18, and 4C2). Bt served as a positive control. Sterile distilled water was used as a blank control.

achieved 100% mortality at 4 x 10'° CFU/mL. Interestingly, the
consortium, mixed use of the single strains (CC8, CC13, CC138, and
4C2), caused 50% mortality at 5x 10° CFU/mL, and increased
mortality as the cell concentration increased, achieving 100% at
3 x 10° CFU/mL (Figure 4A). The insecticidal efficacy of the bacterial
consortium was evaluated through a dose-response bioassay using
cell concentrations ranging from 6.7 to 10.6 log,, (Dose) (5 x 10° to
4% 10" CFU/mL). Probit regression analysis revealed a significant
dose-dependent increase in larval mortality, and the model
demonstrated an adequate goodness-of-fit (y*=1.182, df=3,
p =0.757), indicating no significant deviation between observed and
expected mortality rates. The estimated LCs, was 6.91 log;, (Dose)
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(approximately 8 x 10° CFU/mL) (Figure 4B), confirming the
effectiveness of the bacterial consortium against P. xylostella L. larvae.
The individual bacterial strains of the consortium exhibited
B-hemolysis. The higher insecticidal performance of the bacterial
consortium might indicate a synergistic hemolysis phenomenon
(Gubash, 1978). Although the preliminary test on bacterial
competition using nutrient broth (NB) agar plates indicated that the
combination of strains CC8, CC13, CC18, and 4C2 did not inhibit one
another, combining this with a CAMP-like test would provide further
insight for constructing an insecticidal consortium. The recent study
conducted by Devi et al. (2022) found that the mortality rate increased
significantly in a dose-dependent manner. Furthermore, Gebremariam
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produce insecticidal toxin diversity (Das et al., 2025). This study
showed that cell concentration impacted insecticidal efficacy, while
the combined use of individual strains in a consortium significantly
enhanced insecticidal effectiveness compared to using the
strains alone.

3.5 Effect of larval size on insecticidal
efficacy

Larval size is critical in pest management, influencing feeding
damage, resistance, and the timing of interventions. Larval size
significantly impacted insecticidal efficacy. The mortality rates of
second and fourth-instar P. xylostella L. larvae exposed to individual
strains and the consortium were evaluated at 24, 36, and 48 h
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(Figure 5). After being exposed for 24 h, second-instar larvae
demonstrated significantly higher mortality rates (37% for CC8, 43%
for CC13, CC18 for 46, 46% for 4C2, and 60% for consortium)
compared to fourth-instar larvae (3% for CC8, 3% for CC13, 7% for
CC18, 10% for 4C2, and 23% for consortium). The mean differences
were statistically significant at the 0.05 level. Bt caused 100% mortality
in second-instar larvae at 24 h and 76% mortality in fourth-instar
larvae. Second-instar larvae still continuously have maximum efficacy
over 36 h of exposure. Interestingly, at 48 h of exposure, the bacterial
consortium showed a significant difference from individual strains
when fourth-instar larvae were used (Figure 5). Moreover, when the
consortium was used to study the effect of cell concentration on
insecticidal efficacy, the mortality rate was higher than that of
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and 4C2, a consortium (a mixture of CC8, CC13, CC18, and 4C2), and Bt were tested. Sterile distilled water was used as a blank control. Error bars

individual strains when used at lower cell concentrations (Figure 4).
These findings strongly suggest that the bacterial consortium exhibits
enhanced efficacy compared to individual applications. After 48 h, all
strains and the consortium achieved 100% mortality in second-instar
larvae, with slight increases in fourth-instar larvae mortality rates
(33% for CC8, 30% for CC13, CC18 for 23, 43% for 4C2, and 66% for
consortium). Bt exhibited the highest efficacy, while consortium
outperformed the individual strains. Second-instar larvae showed
faster and higher mortality rates than fourth-instar larvae when
exposed to the tested strains and consortium. Second-instar larvae, as
early instar larvae, were reported to be more sensitive than fourth-
instar larvae, highlighting their potential for pest management by
targeting these early developmental stages of P. xylostella L. larvae.

The findings suggested that second-instar larvae exhibit more
rapid and higher mortality rates during the early stages of their
development compared to fourth-instar larvae when exposed to the
bacteria exhibiting insecticidal activity. This is likely attributed to the
underdeveloped immune responses of the early-instar larvae, which
are less effective in combating bacterial infections. Li et al. (2018)
demonstrated that insecticidal bacteria can effectively control
P. xylostella L. by suppressing its immune system. Xia et al. (2018)
confirmed that gut bacteria play a critical role in the insecticide
resistance of P. xylostella L. and may also affect the immune system.
Previous studies have shown that the immune response in
lepidopteran larvae is induced after they feed on insecticidal bacteria.
This immune induction may result from localized cellular damage to
the gut lining (Rahman et al., 2007). Furthermore, Rahman et al.
(2007) remarked that the larvae’s tolerance to insecticidal properties,
such as crystal endotoxins, correlates to an enhanced immune status
in the larvae.
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3.6 Microbial community of larvae feces

Analyzing microbial communities in larval feces offers valuable
insights into gut health and the impact of insecticidal treatments. The
microbial community of the feces of P. xylostella L. larvae revealed
distinct composition and dominance patterns, as illustrated in
Figure 6. In the feces of the larvae exposed to B. mobilis strain CC13,
33 microbial species were identified. The target strain B. mobilis was
identified with a relative frequency of 42%. The result indicates that
B. mobilis was dominated among 33 microbial species in the feces. In
the feces of the larvae exposed to the B. subtilis strain CC18, B. subtilis
was the most dominant species with a relative frequency of 43%
among 30 microbial species. In the feces of larvae exposed to the
M. thioparans strain CC8, M. thioparans was the most dominant
species with a relative frequency of 45% among 31 microbial species.
C. rhizoryzae showed a dominant relative frequency of 89% of the 20
identified species in the fecal microbiota of larvae exposed to the
C. rhizoryzae strain 4C2. In the feces of the larvae exposed to
B. thuringiensis (Bt), Bt was the most dominant species with a relative
frequency of 80% among 24 microbial species. The larvae exposed to
E. coli K-12, 32 microbial species were identified. The E. coli was
identified with a relative frequency of 60%. The feces from the larvae
exposed to distilled water contained 28 different species. The most
prevalent was Enterobacteriaceae at 41%, followed by P. viridiflava at
16%, Carnobacterium at 14%, Weissella at 9%, Enterococcus at 6%, and
Janthinobacterium at 3%. Enterobacteriaceae, P viridiflava,
Carnobacterium, Enterococcus, and Janthinobacterium were found in
all feces from the larvae exposed to the individual bacterial strains.

Hammer et al. (2017) reported that resident gut microbiomes
were very low in caterpillars, and microbes in the gut were
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Microbial communities present in the feces of Plutella xylostella L. larvae, collected during the insecticidal activity assay. The target strains in the larval
feces are indicated as follows: (1) Mesobacillus thioparans, (2) Bacillus mobilis, (3) Bacillus subtilis, (4) Chromobacterium rhizoryzae, (5) Bacillus
thuringiensis, (6) Escherichia coli, (Pv) Pseudomonas viridiflava, and (Ent) Enterobacteriaceae.

leaf-derived, with the leaf-associated microbes reflected in the feces
of caterpillars. The microbiomes in the gut and feces of larvae might
be more strongly affected by leaf-associated microbes than those of
caterpillars. Our analysis of larvae feces showed that the bacterial
strains used in the leaf-dip method were predominant in the feces of
P. xylostella L., indicating their abundance within the larvae’s gut.
These bacterial strains were likely temporally abundant and not
integrated with the resident microbiota. The fecal microbial
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community analysis indicates that the larvae consumed the leaf-
dipped bacteria, which can affect the bacterial composition of the
larvae gut. However, the presence of leaf-dipped bacteria in the feces
does not necessarily indicate their activity in the larvae gut. Future
research should focus on the correlation between larval death and the
insecticidal activity of microbes in the larvae gut.

The gut’s functional bacteria and microflora in larval P. xylostella
L. play important roles in food digestion, development, and
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FIGURE 7
Scanning electron microscopy (SEM) analysis of the midgut epithelium in Plutella xylostella L. larvae. (A) healthy midgut tissue from larvae treated with
sterile distilled water. (B—G) midgut tissues from larvae exposed to the selected isolated strains: (B) midgut tissues from larvae exposed to microbial
consortium (a mixture of CC8, CC13, CC18, and 4C2), (C) midgut tissues from larvae exposed to Mesobacillus thioparans CC8, (D) midgut tissues from
larvae exposed to Bacillus mobilis CC13, (E) midgut tissues from larvae exposed to Bacillus subtilis CC18, (F) midgut tissues from larvae exposed to
Chromobacterium rhizoryzae 4C2, and (G) midgut tissues from larvae exposed to Bacillus thuringiensis (Bt).

environmental suitability. Analyzing the microbial community in
feces can provide insights into the status of insecticide bacteria in the
larvae’s gut. The study by Lu et al. (2023) indicated that feeding
preferences can affect the gut microbiota of lepidopteran larvae. The
analysis shows that target strains prevail in the gut of P. xylostella
L. after larval exposure. Fecal microbiota analysis shows insecticidal
bacteria that affect the larval gut microbiome, contributing valuable
information for pest management.
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3.7 SEM examination of deceased larval
midgut

SEM analysis of the damaged midgut in deceased P. xylostella
L. larvae revealed significant morphological differences between
healthy and bacteria-exposed midguts. Larvae treated with sterile
distilled water displayed smooth epithelial surfaces with intact
microvilli (Figure 7A). In contrast, larvae exposed to the strains
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exhibiting insecticidal activity showed considerable epithelial damage,
including cell detachment and degradation of the brush border
microvilli (Figure 7B). Additionally, midgut tissue exhibited signs of
cell collapse and membrane rupture (Figure 7C), structural erosion
and pore formation (Figure 7D), tissue sloughing (Figures 7E,F), and
irregular tissue morphology (Figure 7G), indicating cytotoxic activity.

The analysis of deceased P. xylostella L. larvae using SEM revealed
gut epithelial damage compared to healthy larvae. This damage,
characterized by membrane rupture and pore formation, suggests
bacterial virulence factors like hydrolytic enzymes and secondary
metabolites play a crucial role. Hydrolytic enzymes can dismantle
midgut proteins and damage cell membranes, leading to cell lysis
(Lopes et al, 2021). Additionally, secondary metabolites like
biosurfactants can disrupt cell membranes, causing further
disorganization of gut tissue (Khedher et al.,, 2015; Wang et al., 2024).
These findings demonstrate that M. thioparans CC8, B. mobilis CC13,
B. subtilis CC18, and C. rhizoryzae 4C2, along with a bacterial
consortium, can damage midgut integrity, ultimately leading to larval
death due to physical destruction and systemic toxicity.

3.8 Effect of exposure method on
insecticidal efficacy

Two exposure methods, leaf dip and direct spraying, were
evaluated for their insecticidal efficacy. Tukey’s HSD analysis
indicated no significant differences in mortality rates (Figure 8).
Using the dipping method, the strains M. thioparans CC8, B. mobilis
CC13, B. subtilis CC18, and C. rhizoryzae 4C2 exhibited mortality
rates from 16 to 50% after 24 h of exposure. In comparison, the direct
spray method resulted in mortality rates between 13 and 53% after
the same 24-h period. The mortality rates for the dipping method
increased from 43 to 60% at 36 h, with complete mortality (100%)
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after 48 h of exposure. In contrast, the direct spray method increased
mortality rates from 23 to 63% after 36 h, reaching 100% mortality
by the 48-h exposure. After 48 h of exposure, both methods resulted
in complete mortality (100%), with no significant differences
observed. These results indicate that leaf dip and direct spray methods
are interchangeable regarding insecticidal effectiveness, providing
flexibility in method selection based on experimental needs.

Insecticide toxicity may be influenced by feeding behavior,
insecticidal properties, exposure methods, the age of the larvae at the
time of exposure, larval weight, detoxification enzymes in larvae, or even
insecticide penetration (Abro et al., 2013). Similarly, different exposure
methods of leaf dip and direct spraying can also affect the results (Zhao
and Grafius, 1993; Abro et al,, 2013). While both approaches evaluate
pesticide contact toxicity, our understanding suggests that leaf-dip
bioassays are one of the most common exposure methods used under
laboratory conditions due to realistic feeding exposure, controlled
application, simplicity, and repeatability. In comparison, direct spraying
better represents practical application. Hence, leaf dipping is valuable in
controlled lab studies. In contrast, spraying provides a more
comprehensive evaluation of an insecticide’s efficacy and can be used to
guide application strategies in integrated pest management.

4 Conclusion

The diamondback moth (P. xylostella L.) is a significant global pest
of cruciferous vegetables and has resisted conventional insecticides,
highlighting the need for new pest control strategies. Our four non-Bt
bacterial strains, including M. thioparans strain CC8, B. mobilis strain
CC13, B. subtilis strain CC18, and C. rhizoryzae strain 4C2, achieved
100% larval mortality within 48 h of exposure, while the created
consortium of four non-Bt bacterial strains enhanced eflicacy
compared to individual strains. Managing second-instar larvae with
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precisely dose-dependent cell densities influenced insecticidal efficacy.
After exposure, the target bacterial strains became dominant in the
larvae’s fecal microbiota, and scanning electron microscopy revealed
damage to the larvae’s gut. Utilizing leaf dip and direct spraying
demonstrated comparable effectiveness, supporting the viability of
various application strategies. This study enhances our understanding
of non-Bt insecticidal bacteria and demonstrates the effectiveness of
creating bacterial consortia for managing P. xylostella L., providing an
alternative approach to improving pest management strategies.
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