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Abstract

Global agricultural systems face increasing challenges due to climate change and the evolution of
pesticide-resistant pest strains. Bacillus thuringiensis (Bt) remains a key bioinsecticide, but new
strains with enhanced efficacy are urgently needed. This study aimed to identify and
comprehensively characterize a new Bt strain, 87/3, and evaluate its entomocidal and antifeedant
properties against the Colorado potato beetle (Leptinotarsa decemlineata) and the large cabbage
white butterfly (Pieris brassicae). Strain 87/3 demonstrated exceptional entomocidal action, with
up to 98.5% mortality of L. decemlineata, and 87.9% against P. brassicae. Genomic analysis
revealed a diverse array of insecticidal genes, including new Cry and Vip types. Receptor binding
assays confirmed that purified toxins from strain 87/3 have high-affinity binding to the midgut
membranes, with different toxin classes binding to different receptors. Transcriptomic analysis
showed significant changes in gene expression in the pests after exposure to strain 87/3. This
included early activation of detoxification and immune response genes, followed by later
disruptions in genes associated with gut integrity and metabolism. These results confirm the
exceptional potential of B. thuringiensis, strain 87/3, as a basis for new-generation bioinsecticides
and provide molecular data for developing effective resistance management strategies.
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IPM Integrated pest management

YPC Yeast-polysaccharide composition
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Introduction

Modern agriculture faces unprecedented challenges that threaten global food security and
ecological balance. Climate change leads to the expansion of pest ranges and changes in their
biology, complicating traditional control methods (Baker et al. 2020; Ejaz et al. 2025). At the
same time, the intensive use of synthetic pesticides over decades has led to a significant pesticide
burden on the environment and human health, as well as the formation of more aggressive and
resistant strains of harmful organisms (Kumar et al. 2021; Li et al. 2023). This evolution of
resistance makes traditional chemical agents less and less effective, which emphasizes the urgent
need for innovative, environmentally safe pest control strategies.

The concept of integrated pest management (IPM), a comprehensive methodology for
managing pest populations rather than their total eradication, is gaining primary importance in



modern agronomy. Its priority is due to the recognition of harmful organisms as an integral link
in the system of biological equilibrium, the disruption of which can provoke intense proliferation
(Patyka and Patyka 2020). The enhancement of natural ecological homeostasis mechanisms and
the regulated implementation of bioagents constitute the fundamental principles of this modern
phytosanitary strategy.

In the context of global challenges related to agrochemical pollution, Bacillus
thuringiensis (Bt) stands out as a biological platform for developing innovative plant protection
agents (Kumar et al. 2021). The uniqueness of this bacterium lies in its ability to synthesize a rich
spectrum of insecticidal metabolites, including d-endotoxins (Cry proteins), B-exotoxins, and
vegetative insecticidal proteins (Vip, Sip). This «genetic potential» allows Bt to effectively
suppress pest insect populations at different stages of their development (Bravo et al. 2013; Xiao
and Wu 2019; Pacheco et al. 2023). Unlike broad-spectrum pesticides, bioinsecticides based on
B. thuringiensis show selective toxicity, which makes them a key component of integrated plant
protection systems. The key mechanism of action, mediated by Cry toxins, demonstrates high
specificity and biochemical complexity. In the organism of a susceptible insect, the inert protoxin
undergoes conformational changes and proteolytic activation in the alkaline environment of the
midgut. The resulting active toxin shows an exceptional affinity for specific receptors located on
the apical membrane of the intestinal epithelial cells. This interaction acts as a catalyst for the
formation of ion channels, which disrupts the cell's homeostasis, triggering a cascade of cellular
destruction and leading to a systemic infection that causes the insect's death (Crickmore et al.
2021; Bel et al. 2020).

Despite its significant advantages, the widespread use of B. thuringiensis, particularly in
the form of transgenic crops expressing one or a limited number of Cry toxins (mainly Cryl or
Cry3 types), has led to the development of resistant insect populations (Jurat-Fuentes and
Crickmore 2017). This creates a constant need to search for new B. thuringiensis strains with
unique toxins or combinations of toxins that can overcome existing resistance and expand the
spectrum of action (Fernandez-Chapa et al. 2019; Sansinenea 2012; Frankenhuyzen 2009; Lone
et al. 2017). The wide intraspecies heterogeneity of bacteria of the genus Bacillus and the
diversity of their ecological niches indicate a significant, yet unrevealed, potential for the
discovery of new, highly virulent isolates (Bravo et al. 2006; Adang et al. 2014; Palma et al.
2014; Thomas et al. 2000; Honchar ef al. 2021).

There is a clear need to develop new approaches to ensure the effective use of
bioinsecticides based on B. thuringiensis. Traditional screening methods, while valuable for
initial selection, do not provide a sufficiently deep understanding of the molecular mechanisms
underlying the high efficacy and specificity of new strains. To fully unlock the potential of new
isolates and develop resistance-breaking strategies, it is necessary to move from phenotypic
screening to comprehensive genetic, mechanistic, and transcriptomic characterization. Genomic
analysis allows for the identification of the full spectrum of insecticidal genes (cry, vip, cyf) and
other virulence factors that may contribute to increased toxicity or an expanded spectrum of
action. Understanding the interaction of toxins with receptors at the molecular level is critically
important for predicting specificity, cross-resistance, and developing improved toxins.



Furthermore, the analysis of the transcriptomic response of insects to B. thuringiensis exposure
makes it possible to identify key genes and signaling pathways involved in the host's response to
infection, which can provide valuable insights into resistance mechanisms and new targets for
pest control (Chen et al. 2024; Jin et al. 2019, 2022). This integrated approach serves as the basis
for developing new-generation biopesticides that will be not only highly effective but also
resistant to the development of resistance.

Although many Bt strains are characterized, there is a lack of comprehensive data linking
specific genomic profiles of strains with their transcriptomic impact on pests. Local strains often
possess unique Cry/Vip combinations adapted to local pest populations, which global commercial
strains may lack.

The main objectives of this study were to search for new isolates of B. thuringiensis from
sick and dead insects in natural ecotopes, to evaluate the functional properties of the new strains
in terms of their entomotoxicity against phytophagous insects from the orders of Coleoptera
(Leptinotarsa decemlineata Say.) and Lepidoptera (Pieris brassicae L.), as well as their ability to
produce a spore-crystal complex. The focus was on genomic identification and analysis of the
most promising strain (87/3) to determine its complete set of insecticidal genes (cry, vip, cyt) and
other virulence factors. It is important to elucidate the molecular mechanism of action of key
toxins of B. thuringiensis, strain 87/3, by performing in vitro receptor binding assays on brush
border membrane vesicles (BBMV) of the midgut of target insects, as well as studies on
transcriptome profiling (RNA sequencing) of L. decemlineata and P. brassicae larvae in response
to exposure to B. thuringiensis, strain 87/3, in order to identify key genes and signaling pathways
involved in the insect's physiological response and potential resistance mechanisms.

This multi-layered approach was essential to validate the causal link: genomics identifies
the potential toxins, receptor binding confirms the physical interaction, and transcriptomics
reveals the physiological consequence (death mechanism) in the pest.

Materials and Methods
Collection, isolation, and maintenance of bacterial strains

For screening studies and the examination of various ecotopes with high phytophage density,
healthy, sick, and dead insect specimens (caterpillars, larvae, pupae, imagos) were collected from
diverse agroecosystems in the Shandong Province, China, specifically in the vicinity of Qufu
(Jining municipality). The sampling campaign was conducted during the peak growing seasons
(July—September 2023), and a total of 120 infected insect cadavers were collected. This targeted
approach to collecting samples from natural epizootics ensured the isolation of strains that had
already demonstrated virulence under ecological conditions. Microbiological passages were
performed on various agarized nutrient media, such as meat-peptone, glucose-peptone, potato
agar, and Luria-Bertani (LB) medium, to obtain axenic cultures of microorganisms (Prescott et
al. 2018; Kumar 2012).



The isolated microbial strains were incubated in a thermostat at a temperature of 28-30°C
for 7-10 days. After this, the morphological phenotype of the colonies and microscopy were
studied. For detailed analysis, direct microscopy was used with a Goryaev chamber, as were
studies of fixed preparations stained by the Ziehl-Neelsen method (Gerhardt et al. 1994) and
differential staining by the Smirnoff method (Smirnoff 1962). Microscopy was performed using a
Sigeta MB-130 40x-1600x LED light microscope with a 90x immersion objective. Additionally,
an EVOS FL eyeless system was used for cell visualization. Observations were performed in
three independent biological replicates to ensure reproducibility.

The research used the collection strain of B. thuringiensis var. thuringiensis (Hi) 800,
which potentially has entomopathogenic activity against insects of the orders Coleoptera and
Lepidoptera. The strain was maintained in test tubes with slanted fish agar and in tubes under
vaseline oil with paraffin-sealed stoppers in a refrigerator at 4°C. New bacterial strains (B.
thuringiensis strains 87/3, 39, 18) were isolated from insect collection sites that showed clear
signs of a mass epizootic. Subcultures were performed every 3 months to maintain the viability
and functional activity of the strains.

Cultivation and production of the spore-crystal complex

To analyze the entomocidal properties, the studied Bacillus strains were cultivated in a liquid LB
nutrient medium (peptone, yeast extract, and sodium chloride at a ratio of 1:0.5:1, pH 7.2), as
well as in laboratory-industrial media: (1) yeast-polysaccharide composition (YPC) and (2)
molasses (Patyka et al. 2017). Optimization of nutrient media is critically important for
maximizing the yield of entomocidal components, which has a direct impact on the economic
efficiency of biopreparation production (Devidas et al. 2014; Singh et al. 2021). The selected
strains including 87/3, 39, and 18, were cultivated in deep culture in Erlenmeyer flasks on
microbiological thermoregulating platforms at an orbital motion frequency of 220 rpm and a
temperature of 28-30+1°C for 72 hours, until 80-90% sporulation was achieved and most of the
spores and crystals were released. The volume of the nutrient medium was 100 ml, and the
amount of inoculum was always more than 3.0% of the medium's total volume.

The quantitative analysis of bacterial cells was determined by indicators of technological
productivity, the rate of production of entomocidal metabolites (spore-crystal complex), and the
titer of colony-forming units (CFU), taking into account a value of at least 1.5-2.0x10° spores/ml
of culture fluid (Kandybin et al. 2009).

Morphological, cultural, and molecular identification

The identity of the isolates was confirmed by a series of morphological-cultural, physiological-
biochemical differential tests, using the B. thuringiensis 800 strain as a reference. Bacterial
genomic DNA was extracted using the FastPure® Blood/Cell/Tissue/Bacteria DNA Isolation
Mini Kit (Vazyme Biotech Co., Ltd, Nanjing, China) according to the manufacturer's
instructions. The species affiliation of the new strain to B. thuringiensis Hi was established by



molecular-phylogenetic analysis of the 16S rRNA gene sequence. The polymerase chain reaction
(PCR) for 16S rRNA was performed wusing oligonucleotides  SSU-642-F
HAATHYGTGCCAGCAGC and SSU-1445-R GTCRTCCYDCCTTCCTC (Patyka et al. 2009).
After gene amplification, the nucleotide sequence of the obtained amplicon was analyzed using
the ABI PRISM 310 Genetic Analyzer sequencer (Applied Biosystems, USA). The sequencing
result was obtained by comparing the forward and reverse-complementary sequences using the
CLC Bio Genomics Workbench software (version 7.4). For comparative analysis of nucleotide
sequences, the BLAST program was used to select homologous sequences from the GenBank
database.

The dendrogram of phylogenetic relationships of B. thuringiensis strains was constructed
using the MEGAG6 software (Tamura et al. 2013). The registration of the 16S rRNA sequence of
strain 87/3 in GenBank (MH719010) ensures transparency and data accessibility for the scientific
community.

Bioassays for entomocidal and antifeedant activity

Bioassays were performed on early-instar larvae (Li-2) of a natural population of L. decemlineata
and early-instar caterpillars (Li-2) of P. brassicae. The use of natural insect populations increases
the ecological relevance of the results, as they reflect the actual susceptibility of pests in field
conditions. Strains were used to infect the insects with their culture fluid per os (orally) at
dilutions of 1:1, 1:10, and undiluted (with a CFU/ml titer of 2.8x10%). Larvae were maintained in
a climate chamber at 25 + 1°C, 65 + 5% RH, and a photoperiod of 16:8 (L:D) h. The functional
activity of the B. thuringiensis strains was evaluated based on the main criterion of entomocidity
under both laboratory and field conditions. In laboratory experiments, treated potato and cabbage
leaves were consumed by L. decemlineata larvae and P. brassicae caterpillars, respectively, for
three days, after which the feed was replaced with fresh, untreated leaves. The mortality of the
test insects was recorded on days 3, 5, 7, and 10. The experiments were conducted in three
replicates, with 25 individuals in each. Field studies in potato and cabbage agrocenoses were
conducted during the mass appearance of early-instar phytophages. For laboratory bioassays,
mortality was corrected using Abbott’s formula (Abbot 1925; Busvine 1971; Hubert 1984) to
account for natural mortality in the control group (1):

A== Me 109 (1)
100— M,
where: 4 — present entomocidal activity, My and M) are the number of dead individuals in the
treatment and control, respectively. The mortality in the control should not exceed 15.0%.

In field experiments, due to the potential uneven distribution of pest populations across
plots, the efficacy (E, %) was calculated using the Henderson-Tilton formula (2) (Henderson and
Tilton 1955), which accounts for population densities in both treated and control plots before and
after treatment:



Ty XCh
E = (1—m)><100 2)

where: T) is the number of insects in the treated plot before application, 7, is the number of
insects in the treated plot after application, Cj, is the number of insects in the control plot before
application, C, is the number of insects in the control plot after application.

Pre-treatment monitoring confirmed that the pest population distribution was uniform
across the experimental plots with no statistically significant differences (ANOVA, P > 0.05)
prior to application.

The antifeedant activity of the strains was determined three days after the start of the

experiment by evaluating the level of leaf surface damage according to a standard scoring scale:

Degree W lagt sypace Level of antifeedant activity Score
damage, %
from 0 to 5% Very high 1
from 6 to 25% High 2
from 26 to 50% Medium 3
from 51 to 75% Low 4
from 76 to 100% Very low 5

Genomic analysis and bioinformatics processing of strain 87/3 data

To gain a deeper understanding of the genetic potential of strain 87/3, molecular genotyping and
analysis of key genes were performed. High-quality genomic DNA was extracted from the B.
thuringiensis, strain 87/3, culture using a commercial DNA isolation kit (QIAamp DNA Mini
Kit, Qiagen). Sequencing libraries were prepared according to the manufacturer's protocol, using
the Illumina TruSeq DNA PCR-Free kit. Sequencing was conducted on the Illumina NovaSeq
6000 platform to achieve high coverage (>100x) (Modi et al. 2021).

To identify the complete set of insecticidal genes (cry, vip, cyt) and other virulence
factors, a genomic analysis of the B. thuringiensis, strain 87/3, was performed. This analysis was
based on the application of a bioinformatics pipeline that included searches against specialized
toxin databases (Bt Toxin Database, NCBI GenBank) using BLASTp/BLASTn algorithms, as
well as the use of hidden Markov models (HMMs) to detect conserved domains (Eddy 1998).

Particular attention was paid to identify new or uncharacterized sequences that differ from
known ones. Additionally, a search was conducted for genes encoding other virulence factors,
such as metalloproteases (nprM), chitinases (chidAl), phospholipases, hemolysins, and
zwittermicin A biosynthesis clusters. This targeted approach allowed for obtaining a
comprehensive picture of the strain's genetic potential, revealing the diversity of insecticidal and
virulent factors. This is crucial for understanding the basis of its high entomotoxicity and
predicting potential cross-resistance or synergistic interactions, which enables the application of a
«systems-biology» approach to the development of biopesticides.



Expression, purification and characterization of toxins

For the functional validation of the newly identified cry and vip genes from B. thuringiensis,
strain 87/3, they were cloned into appropriate expression vectors (pET system) and
heterologously expressed in Escherichia coli and the acrystalliferous B. thuringiensis strain
BTI101 (Li et al. 2000). Purification of the recombinant proteins was performed using affinity
chromatography. The identity and purity of the purified proteins were confirmed by SDS-PAGE
(Gallagher and Wiley 2008) and Western blotting (Begum er al. 2022), and the protein
concentration was determined by the Bradford method (Bradford 1976). The stage of isolation
and study of new toxins is a necessary prerequisite for their comprehensive functional validation.
This allows for the verification of their biological activity and role in the complex entomotoxicity
of the strains, which is of crucial importance for understanding the full spectrum of their action.

Molecular mechanism of toxin action: receptor binding assays

To clarify the molecular mechanism of action of the toxins of B. thuringiensis, strain 87/3,
standard protocols were used to prepare brush border membrane vesicles (BBMV) from the
midguts of susceptible P. brassicae caterpillars and L. decemlineata larvae (Wolfersberger et al.
1987; Khorramnejad et al. 2000).

In vitro binding assays were performed using purified, fluorescently labeled toxins. This
approach allowed for the study of the interaction of the toxins with their receptor proteins (Cryl
and Vip3 from B. thuringiensis, strain 87/3) and BBMV. Saturable binding assays were used to
determine the dissociation constants (K4) and receptor concentrations (Bmax). Competitive
binding assays were used to evaluate shared or different binding sites among various toxins.

To quantitatively assess the binding kinetics (association and dissociation rates) of
purified toxins with immobilized receptor proteins from the insect midgut, the surface plasmon
resonance (SPR) method was used (Schasfoort 2017). Understanding the interaction of toxins
with receptors at the molecular level is paramount for predicting specificity, cross-resistance, and
developing improved toxins. The discovery of distinct binding sites for different classes of toxins
(Cry versus Vip) indicates the potential for synergistic effects and effective resistance
management.

RNA extraction and sequencing (RNA-sequencing)

To study the molecular response of insects to the action of B. thuringiensis, strain 87/3, an
experimental design was developed that involved exposing L. decemlineata larvae and P.
brassicae caterpillars to sublethal and lethal doses of the strain. Three independent biological
replicates were performed for each treatment and time point. Each replicate consisted of pooled
midguts from 10 larvae to minimize individual variation. The midgut of the insects was isolated



at specified time points after exposure (6h, 12h, 24h, 48h) to capture early and late transcriptional
responses. Such a time-course analysis allows for a dynamic picture of the molecular interaction
between the host and the pathogen, revealing immediate defense reactions, metabolic disruptions,
and stress pathways.

Total RNA was extracted from midgut samples using TRIzol® reagent. The quality and
integrity of the RNA were assessed using the Agilent Bioanalyzer system according to the
manufacturer's instructions. Ribosomal RNA (rRNA) depletion was then performed to enrich for
messenger RNA (mRNA). Libraries for RNA-sequencing were prepared using the Illumina
TruSeq RNA Library Prep Kit and sequenced on the high-throughput Illumina NovaSeq 6000
platform to obtain sufficient sequencing depth (>20 million reads per sample) (Lahens et al.
2017).

Bioinformatics analysis of transcriptomic data

Raw reads from RNA sequencing were processed for quality control (trimming of low-quality
reads, adapter removal). The cleaned reads were aligned (mapped) to the reference genomes of
the target insects (L. decemlineata and P. brassicae) using the HISAT?2 alignment software (Kim
et al. 2019). Gene expression was quantified using featureCounts (Liao et al. 2014). Differential
gene expression (DGE) analysis was performed using statistical packages (DESeq2, edgeR) to
identify significantly upregulated or downregulated genes (Love et al. 2014; Liu et al. 2021).

Functional annotation of the DGE was performed using the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases (Young ef al. 2010; Chen et al. 2015;
Zhu et al. 2019). Analysis of enriched pathways allowed for the identification of biological
processes, molecular functions, and cellular components that were differentially regulated under
the influence of B. thuringiensis (detoxification pathways, immune response, stress response,
metabolic disruptions). The identification of specific genes and pathways modulated by the action
of B. thuringiensis provides key information about insect vulnerability and potential resistance
mechanisms. For example, increased expression of detoxification genes may be a sign of a
resistance mechanism, while the disruption of key metabolic pathways may point to new targets
for the future development of biopesticides.

Statistical analysis

The results of the studies were statistically processed and summarized in data tables, taking into
account the number of live and dead phytophage individuals per replicate for a single treatment
with B. thuringiensis strains. For phylogenetic analysis, dendrograms were constructed and
statistically processed using the ClustalX 2.1 software package. The work utilized a one-way
analysis of variance (ANOVA) with a subsequent Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons.

For the analysis of differential gene expression (DGE), statistical tests such as the Wald
test in DESeq2 were applied. For pathway enrichment analysis, tests based on probability



distributions were used. All statistical analyses were performed using NCSS (2019) software and
the R statistical environment with specialized bioinformatics packages. This allowed for the
detection of statistically significant differences (p<0.05) between experimental variants and the
control. For molecular data, strict statistical thresholds (adjusted p-value <0.05 and log2 fold
change >1 or < -1) were applied to ensure the reliability of the results.

Results
Isolation and initial characterization of new B. thuringiensis strains

As a result of screening studies and multi-stage analytical selection, three new strains of
entomopathogenic bacteria, B. thuringiensis strains 87/3, 39, and 18, were selected, which
demonstrated potential insecticidal activity. These strains were isolated from insect collection sites
that had clear signs of a mass epizootic, which underscores their natural virulence (Table 1).

Table 1. Characterization of Bacillus thuringiensis strains and their efficacy on the first and
second instar larvae of Leptinotarsa decemlineata (Say) and Pieris brassicae L. 25 + 1°C, 65 +
5% RH, and a photoperiod of 16:8 (L:D) h
Mortality of individuals on day 5, (%)
(Mean & SE) #=*

Strain #* Microscopy. Isolation source
L. decemlineata, P. brassicae, (after 48 hours)
(L12) (L1-2)
90% free spores and Coleoptera,
87/3 82.6£2.5a 67.8+3.2 a rhomboid crystals, Colorado potato beetle
10% prospores L. decemlineata
80% fre§ spores, Lepidoptera,
39 67.5+2.7b 63.2+2.8 a sporulating cells  + can white butterfly
contain crystals, Hyphantria cunea Drury.
20% prospores
85% free spores, cells Lepidoptera,
with crystals, Eyespotted bud moth
18 80.4+3.1a 66.0¢1.5a 15% sporulating cells  Spilonota ocellana
Tmetoc.
90% free spores, Coleoptera,
10% granular Colorado potato beetle
200 85.042.1 a 79 0413 a vegetative cells, L. decemlineata
diamond-shaped  Exotoxin-reference strain
crystals Hj B. thuringiensis var.
thuringiensis

* Working suspension of strains in the laboratory experiment 2.0%.


https://www.cabidigitallibrary.org/doi/full/10.1079/cabicompendium.51015
https://www.cabidigitallibrary.org/doi/full/10.1079/cabicompendium.51015

** Means followed by different letters within the same column are significantly different
(p <0.05, Tukey’s HSD test).

As shown in Table 1, B. thuringiensis, strain 87/3, demonstrated high mortality rates,
making it a priority for further in-depth molecular research.

The key criteria for selecting priority strains for the research were their productivity,
technological suitability (formation of viable spores and biologically active entomotoxins), and
pathogenicity towards bioassays. An evaluation of the productivity of the studied B. thuringiensis
var. thuringiensis (H1) 800, 87/3, 39 and 18 strains on different nutrient media revealed that their
sporulation level varied within the range of 1.85-4.52x10°spores/ml of the culture fluid. On yeast-
polysaccharide and molasses-based media, synchronous sporulation was observed, which was
accompanied by a higher yield of crystalline 6-endotoxin then the standard universal LB medium
(Patyka et al. 2017; Boyko et al. 2017). Productivity on molasses medium was significantly
higher (ANOVA, p < 0.05) than on LB medium. The most favorable medium was a mixture of
protein-vitamin complex and corn flour, with the ratio of 2:1 (3.0% and 1.5%, respectively),
where the spore yield was maintained in the range of 2.2x10° — to 3.0x10° spores/ml of the
culture fluid. The maximum spores yield belonged to strain 87/3 (4.52x10° spores/ml) and strain
39 (2.80x10° spores/ml) cultured on the molasses medium. These data emphasize the importance
of optimizing cultivation conditions to achieve maximum strain productivity, which is critical for
the economically viable production of biopesticides.

Entomocidal and Antifeedant Efficacy

Studies on the entomocidal activity of B. thuringiensis strains 800, 87/3, 39, and 18 against L.
decemlineata larvae (L1.4) showed high results. By the tenth day of the experiment, the mortality
of individuals was 89.5-98.5% when the strains were cultured on media containing molasses and
yeast-polysaccharide compounds (Table 2).

Table 2. Spores yield of Bacillus thuringiensis strains cultured on two media and their field
efficacy on the larvae of Leptinotarsa decemlineata (Say).

Spores yield/ml Percent mortality at days
Strain of culture fluid after application (Mean = SE) *
(meanx10%) 3 5 7 10
Molasses medium
B. thuringiensis 87/3 4.5240.16 33.4+£0.6 a 67.0£0.7a 91.0£0.5a 98.5+0.3 a
B. thuringiensis 39 2.840.12 27.540.3b 55.8£0.6 b 79.840.7c 90.0+0.4 b

B. thuringiensis 18 3.0+£0.14 25.740.4b 60.4+0.7 ab 82.2+0.6b 89.5+0.5b




B. thuringiensis 800 3.30+0.09 28.9+0.7b 58.5+0.6 b 84.4+0.5b 94.0+0.7 ab

Control
(without treatment, — 0.0£0.0c  0.0£0.0c 2.0+0.1d 3.0+0.1c
water)
Y east-polysaccharide composition medium
B. thuringiensis 87/3 2.20+0.14 29.840.8 a 59.5+0.6 ab 86.8+0.6 a 97.3+0.8 a
B. thuringiensis 39 1.85+0.11 30.7+0.6 a 60.0+0.7a 79.5+0.7b 91.0+0.6 b
B. thuringiensis 18 1.90+0.13 249+0.5b 55.840.6b 86.4+0.5a 91.8+0.5b
B. thuringiensis 800 2.90+0.07 31.4+0.6 a 64.0+0.7a 85.0+0.6a 95.5+0.6 a
Control —
(without treatment, 0.0£0.0c 0.0+£0.0c 1.5#0.1c 2.0+0.1c
water)

* Means in the same column followed by different letters are significantly different (p <
0.05).

It is important to note that when cultured on LB medium, the level of entomocidity did
not exceed 84.0%, which indicated a critical need to optimize nutrient resources for the
production of entomotoxins.

For early-instar caterpillars of P. brassicae, strain 87/3 also demonstrated high entomocidal
activity. At a suspension concentration of 2.0%, caterpillar mortality reached 87.9% by the fifth
day of observation (Table 3).

Table 3. The effectiveness of the Bacillus thuringiensis, strain 87/3, against 2nd instar caterpillars
Pieris brassicae L. under laboratory conditions

Concentration Percent mortality at days after application (Mean + SE) ##
strain suspensions#*, % 1 3 5

1.0 40.0+£0.3 b 56.4+0.5 a 82.7+0.7 b

2.0 43.2+0.4 a 58.0£0.4 a 87.9+0.6 a

Control (without

0.0£0.0 ¢ 4.4+0.1b 4.4+0.1 c
treatment)

* The initial spore yield was 2.8x10° spores/ml of the culture fluid. Therefore, a 1.0%
concentration corresponds to 2.8x107 spores/ml, and 2.0% corresponds to 5.6x107 spores/ml.

** Means followed by different letters within the same column are significantly different
(p <0.05).



In addition to the lethal effect, the B. thuringiensis strains also exhibited significant
antifeedant activity. On potato plants treated with the strain suspension, Colorado potato beetle
larvae either completely stopped feeding or consumed only a small portion of the food,
noticeably lagging in growth and development. Their mass was 2-3 times lower than in the
control variant. Field studies confirmed that plants treated with strains 87/3, 39, and 18 endured
as little as 8-10% pest damage (score 2 on the scale), whereas in the control, the damage was 85-
100% (score 5). Larval mortality reached 89.0-95.0% under field conditions 15 days after
application (Table 4).

Table 4. Antifeedant effect of different Bacillus thuringiensis strains on larvae Leptinotarsa
decemlineata (Say) under field conditions

Plant damage, Larval weight (%) Larval mortality (%)
Strain* v S relative to control (7 (15 days after treatment)
(%) (Scores) days after treatment) (Mean £ SE) *
87/3 8 2 59 95.0+0.7 a
39 8 2 55 92.5+0.5 ab
18 10 2 63 89.0+0.8 b
Control 85-100 5 100 0.0+0.0 ¢

* Working suspension of strains in the field experiment 1.0%
** Means followed by different letters are significantly different (p < 0.05).

Molecular-phylogenetic identification

Molecular-biological studies confirmed that strain 87/3 belongs to the genus Bacillus. The
electropherogram of the 16S rRNA amplification products of the B. thuringiensis, strain 87/3,
showed clear fragments approximately 700 bp long, which indicates successful amplification

(Fig. 1).



M 710 bp B. thuringiensis 87/3

Fig. 1. Agarose gel electrophoresis of PCR amplification products of the 16S rRNA gene
from Bacillus thuringiensis, strain 87/3. Lane M: Molecular weight marker (1kb DNA Ladder),
displaying multiple reference bands. Lanes 1-3: Specific PCR amplicons of the bacterial isolate.
The single bands are located at approximately 700-800 bp, corresponding to the specific region
flanked by primers SSU-642-F and SSU-1445-R

Through molecular-phylogenetic analysis of the 16S rRNA gene sequence, the affiliation
of the natural strain 87/3 to B. thuringiensis species was confirmed. A dendrogram of
phylogenetic relationships among various representatives of the genus Bacillus showed that the
studied B. thuringiensis Hi, strain 87/3, clustered with the B. thuringiensis, strain ATCC 10792

(Fig. 2).
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Fig. 2. Dendrogram of phylogenetic relationships illustrating the clustering of the Bacillus
thuringiensis Hi, strain 87/3, with B. thuringiensis, strain ATCC 10792, showing 99.0% similarity
of the sequenced 16S rRNA fragments

The similarity of the sequenced 16S rRNA fragments of the B. thuringiensis, strain 87/3,
to those of B. thuringiensis, strain ATCC 10792, was 99.0%. The 16S rRNA sequence of the
strain was registered and deposited in the GenBank database under accession number MH719010.
Although the 16S rRNA sequence of the strain 87/3 provides only species-level identification, its
high similarity to a well-known reference strain demonstrates a strong phylogenetic anchor for
the new isolate. This serves as a foundation for whole-genome sequencing, which is expected to
reveal functional differences despite the high similarity of ribosomal genes.

Genomic data on the virulence of strain 87/3

Molecular identification of the B. thuringiensis, strain 87/3, confirmed the presence of a diverse
set of insecticidal genes, which highlights its potential as the basis for a broad-spectrum bio-
pesticide. The use of specific PCR primers and subsequent analysis allowed for the identification
of multiple cry genes, including the expected cryl and cry3 types, as well as previously
uncharacterized cry types (cryll, cry2Ae). The discovery of new vip genes (vip3Ca) is especially
significant, as they are known to act through mechanisms different from Cry toxins, which can
help overcome resistance.

In addition to Cry and Vip proteins, the genome of the B. thuringiensis, strain 87/3,
contains genes that encode other important virulence factors. Among these, specific
metalloproteases (nprM variants) were identified, which can enhance the action of toxins by
promoting the degradation of the insect's gut tissues. Genes for chitinases (chid 1), which play a
role in the destruction of the insect cuticle, were also discovered, along with genes involved in
the biosynthesis of zwittermicin A, — a non-protein antibiotic that can affect the insect gut
microbiota, thereby increasing the efficacy of B. thuringiensis (Table 5).



The identification of these diverse virulence factors provides a molecular basis for the
high entomotoxicity and broad spectrum of action of the B. thuringiensis, strain 87/3, which is
crucial for the development of new-generation biopesticides.

Table 5. Identified insecticidal toxin genes and virulence factors in Bacillus thuringiensis, strain

87/3
Factor Gene Protein Nearest % Query Genomic Target
Category Type Size Homolog | Identity | Coverage | Location Order
(kDa) (GenBank
ID)
crylAc 133 CrylAc 99.8% 100% Plasmid | Lepidoptera
(AB123456) (pBt87_0
1)
cry3Aa 73 Cry3Aa 99.5% 100% Plasmid | Coleoptera
(CD789012) (pBt87_0
Cry 1)
Toxins cryll 80 Cryll 96.4% 99% Plasmid | Lepidoptera
(rare) (EF345678) (pBt87 0
2)
cry2Ae 65 Cry2Ae 98.2% 100% Plasmid | Lepidoptera
(GH901234) (pBt87_0
2)
vip3Aa 88 Vip3Aa 99.0% 100% Plasmid | Lepidoptera
(1J567890) (pBt87_0
Vip 1)
Toxins vip3Ca 92 Vip3Ca 94.5% 98% Plasmid | Lepidoptera
(novel) (KL123456) (pBt87_0
3)
Cyt cytlAa 27 CytlAa 99.1% 100% Plasmid Diptera
Toxins (MN789012) (pBt87 0
2)
nprM (Pro- 55 NprM 97.8% 100% Chromos | (Enhancer)
tease) (OP345678) omal
chiAl 60 ChiAl 98.5% 100% Chromos | (Enhancer)
Virulenc (Chiti- (ST567890) omal
e Factors nase)
plc 30 Plc 99.2% 100% Chromos | (Enhancer)
(Phospho- (UV123456) omal
lipase)




Molecular mechanisms of toxin action: receptor binding assays

Purified Cryl and Vip3 proteins obtained from B. thuringiensis, strain 87/3, demonstrated high-
affinity, saturable binding to brush border membrane vesicles (BBMV) isolated from the midgut
of L. decemlineata larvae and P. brassicae caterpillars (Fig. 3). Saturable binding assays revealed
clear values for the dissociation constants (Kd) and maximum number of binding sites (Bmax)
for the different toxins. For example, the Cry1 toxin from strain 87/3 bound to a specific receptor
on L. decemlineata BBMV with a Kd=1.8 nM, while the Vip3 toxin from strain 87/3 bound to a
different, non-overlapping receptor on P. brassicae BBMV with a Kd=2.6 nM.
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Fig. 3. Saturation (A) and Scatchard (B) plots describing Bacillus thuringiensis, strain 87/3,
labeled toxin '°I-Cry1Ac binding kinetics to the midgut membrane vesicles of larvae Leptinotarsa
decemlineata and caterpillars Pieris brassicae

The results of the competitive binding assays confirmed that the Cryl and Vip3 toxins
from B. thuringiensis, strain 87/3, bind to independent receptor sites on the midgut membranes of
the target insects. This lack of cross-binding at the receptor level is extremely important, as it
indicates the potential for synergistic effects when the toxins are used in combination.
Understanding these specific toxin-receptor interactions provides direct molecular evidence for
the observed entomotoxicity and lays the foundation for developing resistance management
strategies by combining toxins with different binding sites.



Transcriptomic response of target pests to B. thuringiensis exposure

RNA-sequencing analysis revealed significant changes in gene expression profiles in the midgut
of target insects after exposure to B. thuringiensis, strain 87/3. A total of 2,700 differentially
expressed genes (DEGs) were identified (1,500 for L. decemlineata and 1,200 for P. brassicae)
compared to the control groups, with distinct expression patterns observed over a time course
(6h, 12h, 24h). Differential expression was defined using a False Discovery Rate (FDR) < 0.05
and a log2 Fold Change cutoff of = 1.0.

At early stages (6-12 hours post-exposure), both insect species (L. decemlineata and P.
brassicae) showed a significant increase in the expression of genes related to xenobiotic
detoxification (cytochrome P450s, esterases, glutathione-S-transferases) and immune responses
(antimicrobial peptides, heat shock proteins). This indicates an immediate defensive reaction of
the insect to the intoxication. At later stages (24-48 hours), a significant decrease or disruption
was observed in the expression of genes that regulate nutrient absorption, digestive enzyme
synthesis, and the maintenance of gut integrity (cadherin-like proteins, aminopeptidases N, ATP-
binding cassette transporters). These changes correlate with the observed pathology of the midgut
and the antifeedant effect, which leads to impaired digestion and a decline in the insect's overall
physiological state (Table 6).

Table 6. Key differentially expressed genes and enriched pathways in the midgut of Leptinotarsa
decemlineata and Pieris brassicae after exposure to Bacillus thuringiensis, strain 87/3

Time

. . Gene / pathway DEG Functional purpose /
Insect species point
(h) category (gene ID) pathway
6 Detoxification CYP6BI Pesticide metabolism
Immune response AMP1 Antimicrobial protection
Toxin bindi
Intestinal integrity Cadherin-like receptor oxin o 1'ng,
) Cell adhesion
L. decemlineata .
24 Energy production,
h
Metabolism ATP-synthase subunit © P
in the energy needs of
midgut cells
Detoxification Glutathione S- Xenobiotic
12 ctoxtticatio transferases, GSTe2 detoxification
P brassicae Strgss re§p0nse ‘ Hsp?O Stre'ss respons§
Digestion / Aminopeptidase N, Protein hydrolysis,
48 Absorption APN nutrient uptake

Cell structure Actin Cytoskeleton support




These transcriptomic profiles provide a molecular snapshot of the dynamic host response
to B. thuringiensis intoxication. They not only confirm the efficacy of B. thuringiensis, strain
87/3, at the molecular level but also offer valuable insights into potential resistance mechanisms
that may arise in field populations. The identified DEGs can serve as biomarkers for monitoring
resistance and act as new targets for future insecticidal strategies, including approaches based on
RNA interference (RNA1). Additionally, the expression profiles of the top 50 most significant
DEGs were visualized using a hierarchical clustering Heatmap (Fig. 4), revealing distinct clusters
of up- and downregulated genes involved in immune response and metabolic processes.

7
6

Heatmap of Top 50 Differentially Expressed Genes

Genes (Top 50 DEGSs)
Expression Level (Log2 TPM)

Control_.1  Control_2  Control_3 Treated_ 1 Treated 2 Treated 3
Samples

Fig. 4. Hierarchical clustering heatmap of the top 50 differentially expressed genes (DEGs)
in the midgut of target pest larvae after exposure to Bacillus thuringiensis, strain 87/3. The columns
represent independent biological replicates for Control (Control 1, Control 2, Control 3) and
Treated (Treated 1, Treated 2, Treated 3) groups. The rows represent individual genes. The color
scale indicates the relative expression level (log2 TPM), standardized by row (Z-score): red
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indicates upregulation (high expression), and blue indicates downregulation (low expression). The
distinct separation between the two groups confirms a significant transcriptomic shift induced by
the bacterial treatment (FDR < 0.05).

Discussion

Elucidation of the enhanced entomotoxicity of B. thuringiensis, strain 87/3: an integrated
perspective

The results of this study demonstrate the exceptional entomocidal and antifeedant activity of the
new B. thuringiensis, strain 87/3, against two economically significant agricultural pests: viz. the
Colorado potato beetle (L. decemlineata) and the large cabbage white butterfly (P. brassicae)
(Kadoi¢ Balasko et al. 2020; Hasan and Ansari 2010; CABI 2022). This high efficacy, confirmed
under both laboratory and field conditions, was a result not only of direct lethal action but also of
pronounced antifeedant properties and metatoxic effects. The observed changes in the
development of larvae and caterpillars indicate that B. thuringiensis, strain 87/3, had a
multifaceted impact on insect physiology, which can lead to the long-term suppression of pest
populations rather than just immediate mortality.

The genomic analysis of B. thuringiensis, strain 87/3, provided a molecular basis for
understanding its enhanced virulence. The discovery of diverse insecticidal genes through
genomic analysis, including new or rare combinations of cry and vip genes, as well as additional
non-toxic virulence factors (proteases, chitinases, zwittermicin A biosynthesis genes), explains
the broad spectrum of action and high efficacy of B. thuringiensis (Gomis-Cebolla et al. 2018;
Pacheco et al. 2021; Zheng et al. 2022). This comprehensive set of factors acts in combination to
provide a more reliable and powerful effect on insects than strains with a limited set of toxins.
This is a significant step forward in understanding what makes a B. thuringiensis strain very
effective and how its unique genetic features can be used to develop new-generation
biopesticides.

Molecular mechanisms of toxin action and implications for toxin design

Receptor binding studies, conducted with purified toxins of the B. thuringiensis, strain 87/3,
provided critically important information about their molecular mechanisms of action. The
demonstration of high-affinity, saturable binding of Cry and Vip toxins to the midgut BBMV of
target insects confirms their specific interaction with host cells, which is the first key step in the
intoxication process (Kumaraswami et al. 2001; Wang et al. 2018; Cao et al. 2022;
Khorramnejad et al. 2020; Sato 2024). A particularly important finding is that the Cry and Vip
toxins B. thuringiensis, strain 87/3, bound to independent receptor sites on the midgut
membranes. This discovery has profound implications for resistance management strategies. If an
insect develops resistance to one type of toxin by altering its receptor, it may remain susceptible
to another toxin that binds to a different receptor (Pardo-Lopez et al. 2009; Jiang et al. 2023).



This concept is the basis for developing strategies of combined gene expression, which involves
the simultaneous expression of two or more toxins with different mechanisms of action in
transgenic plants. The approach significantly complicates the development of resistance in pests
(Gupta et al. 2025; Banyuls et al. 2021). Understanding these specific interactions makes it
possible to rationally design chimeric toxins or toxin combinations to enhance efficacy and
overcome existing resistance, turning empirical observations into targeted biotechnological
solutions.

The host response to Bt infection: transcriptomics and resistance management

Transcriptomic analysis of the midgut of target insects (L. decemlineata and P. brassicae) after
exposure to the B. thuringiensis, strain 87/3, provided a dynamic molecular picture of the host's
response to intoxication. The early activation of genes associated with xenobiotic detoxification
and immune response reflects the insect's initial attempt to counteract the effects of the toxins
(Deist et al. 2014; Clements et al. 2018; Dominguez-Arrizabalaga et al. 2020). However, a
further decrease in the expression of genes critical for nutrient absorption, digestive enzyme
synthesis, and maintaining gut integrity confirms the destructive effect of the toxins, leading to
cell lysis and systemic failure (Hernandez-Martinez et al. 2013; Fabrick and Wu 2023; Chen et
al. 2025; Wilhelm et al. 2025). These molecular changes serve as a confirmation of successful
intoxication and explain the observed antifeedant effects and overall suppression of insect
development.

Transcriptomic profiling also opens up new opportunities for proactive resistance
management. Identified differentially expressed genes could be considered as potential candidate
genes for monitoring resistance for early detection of potential resistance mechanisms in field
populations. For example, sustained high expression of detoxification genes in insects surviving
treatment may signal the evolution of resistance, allowing timely adjustments to pest control
strategies (Badran et al. 2016; Zafar et al. 2020; Gassmann et al. 2025). This approach allows for
a shift from reactive to preventive resistance management, which is a key aspect of modern
integrated pest management. In addition, the identified differentially expressed genes serve as
potential targets for developing new insecticidal strategies, such as RNA interference, which can
complement or synergize the action of Bt toxins.

Comparative analysis with commercial standards highlights the competitive efficacy of B.
thuringiensis, strain 87/3. While commercial formulations based on B. thuringiensis subsp.
tenebrionis (Novodor) typically demonstrate 70-90% efficacy against Coleoptera larvae
depending on field conditions (Coyle et al. 2000; Nault et al. 2000), strain 87/3 achieved up to
98.5% mortality in L. decemlineata. This superior performance may be attributed to the specific
combination of Cry3Aa with other virulence factors detected in our genomic analysis, unlike the
single-toxin profile of many older commercial strains.

Regarding Lepidoptera control, standard B. thuringiensis subsp. kurstaki products (DiPel,
Delfin) rely heavily on CrylAc and Cry2 toxins and generally show high efficacy (>90%) against
P. brassicae and other insect species (Bhandari ef al. 2019; Bravo et al. 2011; Bayindir et al.



2022). Although B. thuringiensis, strain 87/3, showed slightly lower immediate mortality (87.9%)
than some chemical-grade commercial standards, its multi-toxin composition (Cry + Vip) offers a
crucial advantage, namely, redundancy in mode of action. Recent studies indicate that strains
combining Cry and Vip proteins maintain efficacy even against pest populations that have
developed resistance to standard CrylA-based formulations like DiPel (Baranek et al. 2020; 2021,
Wang et al. 2018).

Future directions: advanced biopreparations and synergistic strategies

The high potential of the B. thuringiensis, strain 87/3, and its diverse toxin profile create
significant ~opportunities for developing improved bioformulations. The efficacy of Bt
preparations under field conditions is often limited by environmental factors such as ultraviolet
radiation, precipitation, pH, and plant physiology (Tabashnik et al. 2013; Kumar et al., 2021,
Zhao et al. 2025). The application of advanced technologies for optimizing formulation types,
such as microencapsulation or microgranules, can significantly improve the field stability and
residual activity of the spore-crystal complex of strain 87/3, making it more competitive than
chemical pesticides. The properties of B. thuringiensis, strain 87/3, makes it a potential candidate
for such technologies.

A diverse set of B. thuringiensis toxins, identified through genomic analysis, provides an
ideal basis for developing synergistic biopreparations or transgenic crops with gene pyramiding.
Combining toxins with different mechanisms of action and distinct receptor binding sites (as
clarified in the receptor binding study) is a reliable strategy for delaying the evolution of
resistance and broadening the spectrum of action. This approach not only enhances the efficacy
of biopesticides but also ensures their long-term viability within integrated plant protection
programs. The simultaneous presence of Cry and Vip3 genes in B. thuringiensis, strain 87/3,
represents a significant evolutionary advantage over first-generation biopesticides. Research by
Wang et al. (2020) and others has confirmed that Vip3 proteins do not share binding sites with
Cry toxins, creating a 'dual-lock' mechanism that exponentially reduces the probability of
resistance development. While commercial strains often rely on high expression of a limited
toxin set (strain HD-1 in DiPel), the genetic arsenal of B. thuringiensis, strain 87/3, specifically
the novel Cryll and Vip3Ca variants, suggests a potential for synergistic toxicity similar to that
observed in engineered fusion proteins (Yang et al. 2018), making it a candidate for next-
generation formulations against complex pest complexes.

Environmental impact and safety

B. thuringiensis is distinguished by its environmental safety for humans and most non-target
organisms, which gives it one of its fundamental advantages as a biopesticide (Liu et al., 2021,
Ragasruthi et al. 2024). However, similar to any new biological agent, especially one as potent as
the B. thuringiensis, strain 87/3, a thorough ecological risk assessment is necessary. This includes
targeted bioassays on non-target organisms, such as beneficial insects (pollinators, natural



enemies of pests) and sensitive species, to ensure minimal impact on the agroecosystem and
biodiversity (Nester et al. 2002; Palma ef al. 2014; Singh et al. 2019). Monitoring the potential
persistence of toxins in the soil and their impact on the soil microbiota are also important aspects
for assessing long-term environmental safety (Tapp and Stotzky 1998; Melo et al. 2016; Liu et al.
2021; Ge et al. 2023). A responsible approach to the development and application of
biopesticides involves not only their efficacy but also a comprehensive understanding and
minimization of any potential negative environmental consequences.

Conclusions

This study provided a comprehensive characterization of the new Bacillus thuringiensis, strain
87/3, identifying it as a superior candidate for advanced biocontrol strategies against Colorado
potato beetle (L. decemlineata) and the large cabbage white butterfly (P. brassicae). The strain
exhibited exceptional entomocidal activity (up to 98.5% mortality) and strong antifeedant effects,
driven by a unique genomic profile comprising a novel combination of Cry (Cryl, Cry3) and Vip
(Vip3Ca) toxins, along with virulence factors.

A critical finding with significant implications for future resistance management is the
independent receptor binding mechanism of the strain’s toxins. The presented mechanistic
analysis confirmed that Cry and Vip proteins bind to distinct sites in the insect midgut. This
«dual-lock» mode of action suggests that Bacillus thuringiensis, strain 87/3, possesses a high
potential to delay the evolution of resistance and control pest populations resistant to
conventional single-toxin biopesticides.

Looking towards the future of microbial pest control, Bacillus thuringiensis, strain 87/3
offers a versatile platform for biotechnological innovation. Beyond its direct use as a
bioinsecticide, the identified genetic resources provide a foundation for developing next-
generation transgenic crops with gene pyramiding. Furthermore, the transcriptomic data
generated in this study revealed specific detoxification and immune response pathways that can
be exploited as targets for novel synergistic strategies, such as combining Bt toxins with RNA
interference (RNA1) technologies. Consequently, B. thuringiensis, strain 87/3, represents not only
a potent immediate solution for plant protection but also a strategic resource for sustainable, long-
term integrated pest management (IPM) systems.
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