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Toxicity Evaluation of Bacillus thuringiensis (Bt) at Different Concentrations on the Silkworm (Bombyx mori)


Abstract
The environmental impact of microbial pesticides, including Bacillus thuringiensis (Bt), is a growing concern. Although Bt is widely used for pest control due to its efficacy, understanding its potential toxicity to non-target organisms such as silkworms is essential for environmental safety. The current study was conducted to determine how different Bt doses affect larval mortality, growth, and development of silkworm (Bombyx mori) larvae. The study was conducted at Group of Pesticide environmental risk assessment and control, Institute of Plant Protection, Chinese Academy of Agricultural Sciences (IPPCAAS), between 2019 and 2020. This study investigated the dose-dependent toxicity of Bt to silkworms following the NY/T 3152.3-2017 guidelines for microbial pesticide risk assessment. A dose-response experiment was conducted using five Bt concentrations (3.16 × 10⁴, 1 × 10⁵, 3.16 × 10⁵, 1 × 10⁶, and 3.16 × 10⁶ CFU/mL), along with blank and inactivated controls. Each treatment consisted of 20 silkworms with four replicates, and the experiment lasted 23 days. The effects of Bt on silkworm survival and development were evaluated using Probit analysis and one-way ANOVA. The result revealed that the 23-day LC₅₀ was 4.48 × 10⁵ CFU/mL (95% confidence interval: 2.77 × 10⁵- 6.06 × 10⁵ CFU/mL). At 1.00 × 10⁶ CFU/mL, cocoon weight was significantly higher than in the blank control, though no significant differences were observed among other groups. Cocoon shell weight was significantly higher at 3.16 × 10⁴ and 1 × 10⁶ CFU/mL compared to the control. Pathogenicity tests confirmed that the isolated and tested strains were identical, and infected silkworms exhibited typical Bt-induced symptoms, including body decay and side-lying behavior. 
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1. Introduction
Bacillus thuringiensis (Bt) is widely used as a microbial pesticide due to its effectiveness against specific insect pests (Kumar et al., 2021). However, its potential environmental impact has raised concerns. Although generally considered safe for non-target organisms, recent studies suggest possible ecological risks (Li et al., 2022; Sharma et al., 2019). For example, in Drosophila melanogaster, Bt var. kurstaki (Btk) products can impair larval growth and induce enterocyte apoptosis, disrupting protein digestion (Nawrot-Esposito et al., 2020). In silkworms (Bombyx mori), non-lethal exposure to the Cry1F toxin affects growth, immune response, and intestinal microbiota (Xu et al., 2023). Furthermore, colony exposure to Bacillus thuringiensis ssp. aizawai under field-realistic conditions negatively influenced brood development and caused gut microbiome dysbiosis (Steinigeweg et al., 2023).
Silkworms (Bombyx mori) are widely considered as an ideal organism in practical, cost-effective toxicology model due to their mammal-like detoxification systems, well‑characterized genetics, and high sensitivity to diverse chemicals, while offering advantages such as rapid life cycle, easy rearing, and ethical suitability for preliminary screening and ecological risk assessment (Panthee et al., 2017; Abdelli et al., 2018).  
Studies have indicated potential Bt toxicity to soil microorganisms, plants, and food chains, with possible off-target effects on various invertebrates and even vertebrates (Belousova et al., 2021; Mandal et al., 2020). The safety assessment of Bt crops includes evaluations of invertebrates, mammals, and birds, along with comparative analyses with conventional crops (Ge et al., 2023). Notably, Bt has shown high toxicity to silkworms, with previous studies reporting significant mortality even at low concentrations (Zou et al., 2024). 
Nevertheless, Bt has limitations, such as a narrow activity spectrum and sensitivity to environmental conditions. It remains the most widely used microbial insecticide (Ragasruthi et al., 2024; Girón-Calva et al., 2020). Efforts to enhance its efficacy include isolating novel strains, improving toxin stability, and developing genetically modified plants expressing Bt genes (Ortiz et al., 2023; Alves et al., 2023; Park et al., 2022; Jehangir & Ali, 2023). Despite these concerns, Bt remains a promising alternative to chemical pesticides due to its eco-friendly properties. Given its complex ecological interactions, further investigation into its safety at various ecosystem levels is warranted.
These findings enhance our understanding of the ecological risks posed by insecticides to non-target organisms such as silkworms and provide crucial information for environmental risk assessments.
2. Materials and Methods
2.1. Test Conditions and Concentration Design
Environmental conditions were monitored throughout the test period. Temperature ranged from 23.4 to 26.5°C, relative humidity from 75.8% to 84.3%, and the light cycle was 16h:8h (light: dark).
The experiment followed a dose-response design with five treatment concentrations (3.16 × 10⁴, 1.00 × 10⁵, 3.16 × 10⁵, 1.00 × 10⁶, and 3.16 × 10⁶ CFU/mL), a blank control (CK1), and an inactivated control (CK2). Each treatment was replicated four times, with 20 silkworms per replicate.
2.2. Preparation of Mother Liquor
A total of 0.2286 g of the test substance was dissolved in sterile water in a 50 ml beaker and diluted to 100 ml in a volumetric flask. The solution was transferred to a 500 ml flask containing glass beads and shaken at 185 rpm and 25°C for 40 minutes to obtain a stock solution of 1.00 × 10⁸ CFU/mL. Serial dilutions were prepared by transferring 3.160 ml, 1.000 ml, and 0.316 ml into separate 100 ml volumetric flasks and adjusting the volume with sterile water to obtain concentrations of 3.16 × 10⁶, 1.00 × 10⁶, and 3.16 × 10⁵ CFU/ mL. Further dilutions yielded 1.00 × 10⁵ and 3.16 × 10⁴ CFU/ mL. For the inactivated control (CK2), 50 mL of the 3.16 × 10⁶ CFU/ mL solution was autoclaved at 121°C for 20 minutes.
2.3. Isolation of Bacillus thuringiensis
A 0.005 g sample of Bt (437.5 billion CFU/g) was dissolved in a clean 10 ml volumetric flask, shaken thoroughly, and serially diluted to 10⁻⁴ using a tenfold dilution method. A 0.10 ml aliquot of the 10⁻⁵ dilution was prepared and used as the test strain.
2.4. Silkworm Infection
Isolated strains cultured on LB medium plates were transferred to liquid LB medium and incubated in a shaker at 150 rpm and 30°C for 48 hours. The culture was centrifuged at 4000 rpm for 30 minutes, the supernatant was discarded, and the bacterial pellet was resuspended in sterile water. The resuspended solution was transferred to a 50 ml volumetric flask, mixed with glass beads, and shaken at 185 rpm and 25°C for 40 minutes. A 1.0 ml aliquot was diluted to 10⁻⁸, plated using dilutions from 10⁻⁶ to 10⁻⁸, and colonies were counted after 24 hours. For silkworm infection, 5 g of mulberry leaves were dipped in 50 ml of the test solution to ensure even distribution. The leaves were air-dried, placed in 12 cm culture dishes, and inoculated with 20 second-instar silkworms per dish. Symptoms were observed after 24 hours, with four replicates per treatment.
2.5. Poisoning Procedure
The leaf-dipping method was used. Approximately 5 g of mulberry leaves were soaked in 50 ml of test solution to ensure even coverage. After shade-drying, the leaves were placed in 12 cm diameter culture dishes, each containing 20 second-instar silkworms. After 24 hours, the silkworms were transferred to clean culture dishes and fed fresh, non-toxic mulberry leaves. Upon reaching the fourth instar, they were moved to clean containers and fed until the mature stage. Silkworms were allowed to cocoon and pupate fully.
Throughout the experiment, poisoning symptoms and mortality were observed and recorded daily. Cocoon weight, cocoon shell weight, and pupal weight were measured on the 8th day.
2.6. Statistical Analysis
Mortality rates were adjusted using Formula (1). Probit analysis was performed on silkworm mortality data using SPSS 22.0 to calculate the LC50 and 95% confidence limits. Formulas (2), (3), and (4) were used to calculate cocooning rate, pupation rate, and cocoon shell rate for each treatment and control group. One-way ANOVA (LSD test) was applied to analyze differences in whole cocoon weight, cocoon shell weight, and pupal weight between concentration groups and the control.



3. Results and Discussion
3.1. Poisoning Symptoms, Mortality, and Toxicity of Bacillus thuringiensis (Bt)
Silkworms exposed to Bt exhibited symptoms including side-lying, body blackening, shrinkage, soft and darkened abdomen, rotting, and foul odor. These symptoms were exclusively observed in Bt-treated groups, while the blank control (CK1) and inactivated control (CK2) remained unaffected throughout the experiment.
The onset and severity of symptoms were closely linked to mortality. The highest concentration (3.16 × 10⁶ CFU/ mL, T5) induced the most rapid and severe reaction, with over 90% of individuals showing lateral lying on day 1 and reaching 100% mortality by day 2. The sub-high concentration group (1.00 × 10⁶ CFU/mL, T4) also showed rapid symptom progression, with over half of the silkworms affected on day 1 and a final mortality of 80%. In contrast, symptom development in the low and medium concentration groups (T1-T3) was slower, with body shrinkage, darkening, and incomplete cocooning observed mainly during the mid to late stages of the experiment.
Mortality data confirmed a strong dose and time-dependent toxic effect (Table 1, Figure 1). The blank and inactivated control groups showed no mortality. The lowest mortality was recorded at the lowest concentration (3.16 × 10⁴ CFU/ mL, T1), while the highest concentration (T5) caused 76% mortality on the first day, culminating in 100% mortality by day 2. The cumulative mortality over 23 days was significantly higher in the higher Bt concentration groups (Table 2, Figure 2).
Probit analysis of the 23-day cumulative mortality data determined the LC₅₀ to be 4.48 × 10⁵ CFU/ mL, with a 95% confidence interval of 2.77 × 10⁵ to 6.06 × 10⁵ CFU/ mL. The toxicity regression equation was Y = -11.304 + 2.000X (R² = 0.808) (Table 4). 
The LC50 of Bt against fifth-instar Bombyx mori larvae at 96h is 0.08 × 10⁻³ mg/l, and prolonged exposure at this sublethal level significantly reduces larval and cocoon weights while damaging the midgut, with an even lower concentration producing the same lethal effect, highlighting heightened silkworm sensitivity to Bt (Zou et al., 2024).
LC50 stands for the concentration or dose of a substance that causes death in 50% of a tested population under defined exposure conditions, and is a standard metric used to gauge acute toxicity and compare hazards across substances (Galvan et al., 2005). In pesticides studies, like indoxacarb, imidacloprid, and thiamethoxam, reported the lower lethal concentration as 1.08 × 102, 1.92, 0.66, and 1.66 mg/l, respectively (Galvan et al., 2005; Yang et al., 2023). Other studies have observed that the median lethal concentration (LC50) of Cry1F for newly hatched Bombyx mori larvae on artificial diet is 0.75 μg/g, which is markedly lower than Cry1Ab’s LC50 of 3.06 μg/g, indicating Cry1F is more toxic to silkworm larvae (Jiao et al., 2016).
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Figure 1. Daily mortality rate of silkworms exposed to Bt

Table 1. Effect of different Bacillus thuringiensis concentrations on Silkworm larvae mortality

	Days (d)
	Total silkworms (head)
	Treatment (concentration CFU / mL)

	
	
	CK1
	CK2
	T1
3.16 x 104
	T2
1 x 105
	T3
3.16 x 105
	T4
1 x 106
	T5
3.16 x 106

	1
	80
	0
	0
	0
	6
	12
	43
	76

	2
	80
	0
	0
	0
	11
	29
	58
	80

	3
	80
	0
	0
	0
	13
	30
	58
	80

	4
	80
	0
	0
	0
	13
	30
	62
	80

	5
	80
	0
	0
	0
	13
	30
	62
	80

	6
	80
	0
	0
	0
	13
	30
	62
	80

	7
	80
	0
	0
	0
	13
	31
	62
	80

	8
	80
	0
	0
	0
	13
	31
	62
	80

	9
	80
	0
	0
	0
	13
	31
	62
	80

	10
	80
	0
	0
	0
	13
	31
	62
	80

	11
	80
	0
	0
	0
	13
	31
	62
	80

	12
	80
	0
	0
	0
	13
	31
	62
	80

	13
	80
	0
	0
	0
	13
	31
	62
	80

	14
	80
	0
	0
	0
	13
	31
	62
	80

	15
	80
	0
	0
	0
	13
	31
	62
	80

	16
	80
	0
	0
	0
	13
	31
	62
	80

	17
	80
	0
	0
	0
	13
	31
	62
	80

	18
	80
	0
	0
	0
	15
	31
	62
	80

	19
	80
	1
	0
	0
	15
	31
	63
	80

	20
	80
	1
	0
	0
	15
	31
	63
	80

	21
	80
	1
	4
	3
	16
	31
	63
	80

	22
	80
	2
	4
	5
	16
	31
	63
	80

	23
	80
	6
	6
	8
	18
	32
	64
	80


CK1: blank control group; CK2: inactivated control group.

Table 2. Cumulative mortality of Silkworms in toxicity tests using 100 million CFU/g Bacillus thuringiensis 

	Handle
	Concentration
CFU/mL
	Total silkworms (head)
	Repeat 1 (head)
	
	Repeat 2 (head)
	Repeat 3 (head)
	Repeat 4 (head)

	CK1
	-
	20
	3
	
	0
	1
	2

	CK2
	-
	20
	0
	
	1
	4
	1

	T1
	3.16 x 104
	20
	2
	
	0
	1
	5

	T2
	1 x 105
	20
	3
	
	7
	5
	3

	T3
	3.16 x 105
	20
	8
	
	8
	6
	10

	T4
	1 x 106
	20
	16
	
	15
	18
	15

	T5
	3.16 x 106
	20
	20
	
	20
	20
	20
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Figure 2. Cumulative mortality of silkworms over 23 days.

Table 3. Toxicity assessment of 100 million CFU/g Bacillus thuringiensis on Silkworms

	Time
(d)
	Regression curve equation of virulence
Y= a + bX
	R2
	LC50 
(mg a.i./L)
	95% Confidence limit
(mg a.i./L)

	23d
	[bookmark: OLE_LINK22][bookmark: OLE_LINK12]Y = -11.304 + 2.000X
	0.808
	4.48 x 105
	2.77×105~6.06×105



3.2. Effect of Bacillus thuringiensis on Silkworm Pupation and Cocooning
Control groups (CK1 and CK2) showed cocoon weights of 1.8467 ± 0.0364 g and 1.8204 ± 0.0148 g, cocoon shell weights of 0.4215 ± 0.0061 g and 0.4264 ± 0.0223 g, and pupal weights of 1.4006 ± 0.0386 g and 1.3698 ± 0.0212 g, with cocoon shell rates of 22.8% and 23.4%, respectively. No data were recorded for the highest concentration (T5). At 3.16 × 10⁴ CFU/mL, cocoon and pupal weights decreased, but the cocoon shell rate increased to 25.0%. At 3.16 × 10⁵ CFU/mL, cocoon weight and shell weight increased, with a stable shell rate of 23.9%. The highest cocoon weight (2.0469 ± 0.0355 g) and shell weight (0.4803 ± 0.0132 g) were observed at 1 × 10⁶ CFU/mL, with a shell rate of 23.5% (Table 4, Figure 3). Exposure to 100 μg/mL Cry1F markedly reduces body weight gain within 24 hours, and after 96 hours causes significant declines in larval body, cocoon, pupal, and cocoon-shell weights, with some larvae failing to reach the pupal stage (Xu et al., 2023).





[bookmark: _GoBack]
Table 4. Effect of Bacillus thuringiensis on Silkworm pupation and cocooning
	Handle
	Concentration
CFU/mL
	Cocoon weight (g)
Mean + SE
	P value
	Cocoon layer quantity (g)
Mean + SE
	Pupa weight (g)
Mean + SE
	Cocoon layer rate (%)

	CK1
	-
	1.8467±0.0364
	-
	0.4215±0.0061
	1.4006±0.0386
	22.8

	CK2
	-
	1.8204±0.0148
	0.736
	0.4264±0.0223
	1.3698±0.0212
	23.4

	T1
	3.16 x 104
	1.6976±0.0288
	0.068
	0.4244±0.0202
	1.2179±0.0466
	25.0

	T2
	1 x 105
	1.7607±0.1113
	0.277
	0.3976±0.0223
	1.3342±0.0994
	22.6

	T3
	3.16 x 105
	1.8575±0.0339
	0.888
	0.4447±0.0206
	1.3963±0.0277
	23.9

	T4
	1 x 106
	2.0469±0.0355
	0.018
	0.4803±0.0132
	1.5594±0.0273
	23.5

	T5
	3.16 x 106
	-
	-
	-
	-
	-


Cocoon layer rate: the percentage of cocoon layer amount to the whole cocoon amount of bare cocoon.
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Figure 3. Effects of Bt on cocoon and pupal traits.

3.3. Effect of Bt on Pupal Weight and Cocoon Weight
Compared to CK1, CK2 showed no significant differences in cocoon weight, cocoon shell weight, or pupal weight (P = 0.736, 0.857, and 0.674, respectively). Pupal weight was significantly lower at 3.16 × 10⁴ CFU/mL (P = 0.021). No significant differences were observed at 1 × 10⁵ or 3.16 × 10⁵ CFU/mL. At 1 × 10⁶ CFU/ml, cocoon weight, shell weight, and pupal weight were significantly higher (P = 0.018, 0.037, and 0.040, respectively). No data were available for 3.16 × 10⁶ CFU/mL (Table 5). Sublethal Bt exposure has been shown to reduce pupal weight over time, potentially enhancing resistance in species like Helicoverpa zea (Reay-Jones et al., 2020; Bryant et al., 2024). However, such reductions did not affect fecundity or egg viability in H. zea (Bilbo et al., 2019), indicating that Bt may impair larval development without significantly impacting reproductive success. Several studies have provided evidence that insects are capable of initiating both humoral and cellular immune responses in order to mitigate the detrimental effects caused by Bt exposure (Grizanova et al., 2014; Li et al., 2018; Rahman et al., 2004).

Table 5. Effect of Bacillus thuringiensis on the pupal weight and cocoon weight

	Handle
	Concentration
CFU/mL
	P value *

	
	
	Cocoon weight
	Cocoon layer
	Pupal weight

	CK1
	-
	-
	-
	-

	CK2
	-
	0.736
	0.857
	0.674

	T1
	3.16 x 104
	0.068
	0.917
	0.021

	T2
	1 x 105
	0.277
	0.370
	0.369

	T3
	3.16 x 105
	0.888
	0.386
	0.953

	T4
	1 x 106
	0.018
	0.037
	0.040

	T5
	3.16 x 106
	-
	-
	-


*One way ANOVA (LSD test α = 0.05) 
3.4. Pathogenicity Symptoms
[bookmark: OLE_LINK14]Silkworms exposed to the isolated Bacillus thuringiensis strains exhibited typical infection symptoms, including lateral recumbency, body rigidity, tissue degradation, and the presence of an unpleasant odor. These manifestations were consistent with those caused by the reference Bt strain, indicating that the isolates retained pathogenic activity toward silkworms. Detailed phenotypic observations are provided in Figure S1. Cry1F treatment at 100 μg/mL mulberry leaves feeding raised detrimental effects in fifth-instar silkworms, such as reduced feeding, head shaking, and brown excretions, with the most severe impact; microscopic examination showed Cry1F-induced damage to the midgut structure (Xu et al., 2023). The midgut serves as the primary tissue targeted by the Bt toxin. By binding to specific receptors situated on the brush border membrane of the midgut, the Bt toxin triggers pore formation (Bravo et al., 2011; Pardo-L´opez et al., 2013). This mechanism ultimately results in the disruption of normal physiological functions and subsequent larvae mortality. 
4. Conclusion
This study demonstrates the dose-dependent toxicity of Bt to silkworm larvae, consistent with previous research. Symptoms were exclusive to Bt-treated groups, confirming the specificity of Bt pathogenicity. Higher Bt concentrations led to more severe symptoms, including softening, rotting, blackening, and shrinkage, indicating a direct concentration-dependent effect. Increased Bt concentrations resulted in higher mortality, particularly in early instars, with the highest concentration (3.16 × 10⁶ CFU/mL) causing 76% mortality on the first day. The LC₅₀ of 4.48 × 10⁵ CFU/mL further confirms the high toxicity of Bt at elevated concentrations. While high Bt concentrations increased mortality, they also reduced cocoon yield and pupation rates. The decline in cocoon and pupal weights at high concentrations aligns with findings in other species, highlighting broader ecological concerns. Interestingly, lower Bt concentrations increased cocoon shell rates, suggesting a possible compensatory response at sublethal doses, a phenomenon warranting further study. This study contributes to the growing evidence on the complex interactions between Bt concentrations and silkworm physiology. The results underscore the importance of carefully managing Bt applications in silkworm rearing to mitigate adverse effects on larval development and overall production. Further research is needed to elucidate the underlying mechanisms and develop strategies for minimizing Bt-related risks in sericulture.
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Figure S1. Symptoms in Bt-infected silkworms: side-lying, body decay, and discoloration.
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