


Nighttime Application of Talc-Based Bacillus thuringiensis Enhances Caterpillar Control in Zero-Tillage Paddy-Straw-Mulched Potato System: A Sustainable Alternative to Synthetic Practice
Abstract
Lepidopteran caterpillars are important defoliating and boring pests in potato cultivation because their feeding reduces photosynthetic leaf area, weakens crop recovery and may indirectly lower tuber yield. In conventional vegetable and potato-based farming systems, caterpillar suppression is commonly attempted with synthetic insecticides such as chlorantraniliprole, emamectin benzoate, spinosad, indoxacarb, flubendiamide, lambda-cyhalothrin and profenophos. Although these molecules may provide rapid knock-down or feeding inhibition, repeated use can increase production cost and may raise concerns related to pesticide residue, farmer and labour exposure, non-target toxicity, natural-enemy suppression, aquatic toxicity and resistance development. The present study was designed from an organic and low-cost farming perspective to evaluate whether a talc-based Bacillus thuringiensis var. kurstaki formulation can act as an effective biological replacement for toxic synthetic caterpillar-control insecticides in potato cultivation rather than being mixed with them. A talc-based Bt formulation containing approximately 108 CFU g-1 and costing about Rs. 150 kg-1 was evaluated during the 2021-22 potato season under zero-tillage paddy-straw-mulched cultivation using store-bought Kufri Jyoti potatoes as low-cost seed tubers. The study followed three linked steps: first, the harmful implications of conventional caterpillar pesticides were considered; second, Bt was selected as a low-residue biological alternative intended to reduce chemical exposure for tubers, farmers and labourers; and third, a spray-timing experiment was conducted to identify a more effective timing for caterpillar control. Twenty-four independent 15 ft x 5 ft beds were analysed across four Bt timing treatments. Mean yield per 75 sq ft was highest under preventive night spray before visible caterpillar attack (16.50 kg), followed closely by night spray after three days of attack (16.00 kg), whereas morning spray after attack produced the lowest mean yield (7.08 kg). One-way ANOVA showed a highly significant treatment effect on yield, F(3,20) = 28.08, p = 2.27 x 10^-7. Welch ANOVA confirmed significance under unequal variance, F(3,8.61) = 29.76, p = 6.99 x 10^-5. The result suggests that the Bacillus thuringiensis application may be serve as alternative of toxic synthetic caterpillar control insecticides if the bacterial formulation spray is used in proper time to give enough time for stabilization on the leaf surface. Once the bacterial inoculant gets attached to the leaf surface, immediate caterpillar threats have been reduced.
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1. Introduction
Potato (Solanum tuberosum) farming is a skill and cost sensitive practice in many conventional farming systems. Seed tuber cost, land preparation, irrigation, fertilizers and repeated pesticide use together increase the financial burden on farmers. Caterpillar attack becomes especially important when potato cultivation is delayed into the transition between winter and warmer weather. Lepidopteran larvae feed on foliage and, depending on the pest, may also cause boring injury. Foliar destruction reduces the effective photosynthetic surface and may finally reduce tuber yield. In the present field situation, caterpillars were observed mainly after sunset on the potato leaf area, while they remained hidden during daylight. Therefore, the timing of spray application became a key biological question rather than a simple routine operation.
Conventional caterpillar control often depends on synthetic insecticides. The Government of India pesticide-use documents list many registered insecticides and bio-pesticides with crop-specific recommendations, dose and regulatory guidance (Directorate of Plant Protection, Quarantine & Storage [DPPQS], 2024a, 2024b). These documents are useful for understanding current pesticide protocol, but they also show that chemical use is a regulated activity requiring careful attention to crop, dose, waiting period and safety. In a sustainable and low-cost organic model, the goal is not to use toxic chemicals. Living beneficiary microbial inoculants in the soil, irrigated water when contaminated with synthetic insecticides may disturb the purpose of biological farming, increase chemical exposure and make it difficult to judge the independent performance of organic environment.
Bacillus thuringiensis is one of the most successful microbial insecticides used in crop protection (Bravo et al., 2011; Navon, 2000). Bt var. kurstaki is especially important against lepidopteran larvae. Its action is different from that of a conventional contact poison. When the caterpillar eats Bt treated leaf material, alkaline larval midgut get infected and Bt Cry toxins are solubilized and activated; they then bind to midgut receptors, insert into epithelial membranes and form pores, leading to gut disruption, feeding cessation and larval death (Bravo et al., 2007; Pardo-López et al., 2013). This biology explains why young larval stage, active feeding, spray coverage and spray timing are critical for successful Bt treatment.
Earlier reviews have shown that Bt-based technologies can reduce dependence on chemical insecticides and can be incorporated into sustainable agricultural practice (Navon, 2000; Sanchis, 2008). Microbial control has also been discussed as a relevant approach to insect pests of potato (Lacey et al., 2009). Biological control is an important component of organic pest management, and its value increases where reduction of pesticide risk is a central objective (Baker et al., 2020). The present research, therefore, examined Bt as an organic replacement method for caterpillar control in a zero-tillage paddy-straw-mulched potato system. The field experiment had been designed to find out maximum effectiveness of talcum based 108 CFU/gram Bacillus thuringiensis diluted as 10 gm per 15 litter, with a simple guideline development for the farmer for best bacterial stabilization and higher efficiency. Analysis of Variance with Comparison test was done to determine the timing of Bt spray as at the morning, after sunset and nighttime after visible pest attack with simultaneous preventive nighttime spray. Through the yield response of different sets, a strategy had been developed to overcome the dependency of toxic synthetic caterpillar-control insecticides handle and application in the field by using most efficient low-cost biocontrol model in zero tillage paddy straw mulching organic potato farming. 
2. Materials and Methods. 
2.1 Field design and bed structure
The field experiment was conducted during the 2021-22 potato season under a zero-tillage paddy-straw-mulched cultivation system. Rectangular experimental beds of 15 ft x 5 ft, equivalent to 75 sq ft per bed, were used. In the broader experimental programme, 175 such beds were considered; selected tagged beds were used for the present Bt spray-timing comparison. A 5 ft distance was maintained between beds, and each bed was treated as an independent experimental unit for yield recording and statistical analysis.
2.2 Planting material and low-cost seed concept
The experiment was conducted to test baseline production in East Kolkata Wetland area instead of maximum or optimum yields. Store-bought 120 days Kufri Jyoti variety (regular cultivated, durable and high fiber quality) potatoes were selected as seed tubers instead of higher priced certified seed tubers. During the 2021-22 season, certified Punjab-based seed tubers were observed to be approximately four times costlier than regular market-available Jyoti potatoes. Although certified seed tubers may have higher yield potential, locally available store-bought potatoes were selected here because the research objective was farmer-level affordability. Whole potatoes below 40 g and 25 g were selected according to bed requirement. Potatoes were sourced from nearby Sonarpur and Champahati markets through local merchants.
2..3 Zero-tillage paddy-straw-mulched cultivation
Potato tubers were placed directly on the bare field and covered with paddy straw instead of soil covering. Digging, ploughing and soil covering were avoided. After Aman rice harvesting, fresh paddy straw was locally available from the same and nearby paddy fields, supporting a rice-potato sequence. Straw of different conditions and thicknesses was used according to experimental bed requirements. The technique was selected to reduce tillage cost and make the cultivation model more suitable for low-input marginal farmers.
2.4 Bt treatment concept and spray timing
A talc-based Bacillus thuringiensis purchased from Vivekananda Institute of Biotechnology, Nimpith Ramkrisna Ashram, Nimpith, South 24 Parganas, West Bengal., containing approximately 108 CFU g-1 was applied as a foliar biological treatment. The approximate product cost was Rs. 150 kg-1. Since caterpillars were observed mainly after sunset, night-time and after-sunset sprays were tested against morning spray. The practical fact is that the living microbes need to stabilizefor few hours after application on foliar area in absence of direct exposure of sunlight. assumption was that Bt would be more effective 
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Image. 1. Bacillus thuringiensis spray at Night

when caterpillars were exposed and actively feeding on treated foliage. This assumption is consistent with the ingestion-dependent mode of action of Bt toxins reported in earlier literature (Bravo et al., 2007; Pardo-López et al., 2013; Schünemann et al., 2014). 
2.5 Statistical analysis
Yield per 75 sq ft beds were used as the primary response variable. Production per hectare was calculated as multiplication with 1435 means production converted into yields per hectare. Descriptive statistics are calculated as mean, standard deviation and range. One-way ANOVA is applied to compare yield among four Bt spray-timing groups. Shapiro-Wilk tests are used to examine approximate normality within treatment groups, and Levene’s test is used to examine homogeneity of variance. Since unequal variance is detected, Welch ANOVA also reported. Tukey HSD for pairwise comparison has been applied. Statistical significance is interpreted at P value less than 0.05.
3. Yield based data sets
Table 1 present the Effect of spray timing on yield under caterpillar infestation conditions, showing replicate-wise yield values for different spray schedules.
Table.1. Field experiment data table for Bt. spray timings.
	Treatment
	Spray timing group
	Replicates
	Yield values per 75 sq ft bed (kg)

	T1
	Night spray after 3 days of caterpillar attack
	8
	14, 17, 17, 16.5, 16, 16, 15.5, 16

	T2
	Morning spray after 3 days of caterpillar attack
	6
	10, 4, 8, 7.5, 8, 5

	T3
	After-sunset spray after 3 days of caterpillar attack
	6
	8, 7, 12, 13, 9, 15

	T4
	Night spray before visible caterpillar attack
	4
	15, 17, 18, 16


4. Result: 
4.1 Descriptive statistics
	Treatment group
	n
	Mean yield/75 sq ft (kg)
	SD
	Range
	Mean yield/ha (kg)
	SD/ha (kg)

	Night spray after attack
	8
	16.00
	0.96
	14.00-17.00
	22,960
	1,383

	Morning spray after attack
	6
	7.08
	2.20
	4.00-10.00
	10,165
	3,158

	After-sunset spray after attack
	6
	10.67
	3.14
	7.00-15.00
	15,307
	4,508

	Night spray before attack
	4
	16.50
	1.29
	15.00-18.00
	23,678
	1,853


Table.2. Descriptive statistics
The highest mean yield was recorded in the preventive night spray group before visible caterpillar attack, followed closely by night spray after three days of caterpillar attack. Morning spray after attack produced the lowest mean yield. This result indicates that Bt treatment should not be treated merely as a product application; its field performance depends strongly on timing, larval exposure and feeding activity.
4.2 Assumption checking
	Test/group
	P value
	Interpretation

	Shapiro-Wilk: Night spray after attack
	0.149
	Approximate normality accepted

	Shapiro-Wilk: Morning spray after attack
	0.578
	Approximate normality accepted

	Shapiro-Wilk: After-sunset spray after attack
	0.664
	Approximate normality accepted

	Shapiro-Wilk: Night spray before attack
	0.972
	Approximate normality accepted

	Levene’s test for equal variance
	0.0155
	Variance heterogeneity detected


Table.3. Assumption checking
The Shapiro-Wilk tests have not significant deviation from normality within the four treatment groups. However, Levene’s test is significant, indicating unequal variance. Therefore, Welch ANOVA is reported along with standard one-way ANOVA.
4.3 One-way ANOVA and Welch ANOVA
	Source
	SS
	df
	MS
	F
	P value
	Decision

	Between treatments
	358.20
	3
	119.40
	28.08
	2.27 x 10^-7
	Significant

	Within treatments/error
	85.04
	20
	4.25
	
	
	

	Total
	443.24
	23
	
	
	
	

	Welch ANOVA
	-
	3, 8.61
	-
	29.76
	6.99 x 10^-5
	Significant


Table.4. One-way ANOVA and Welch ANOVA
The treatment effect was highly significant. Standard one-way ANOVA indicated F(3,20) = 28.08 with p = 2.27 x 10^-7. Welch ANOVA also confirmed significance with F(3,8.61) = 29.76 and p = 6.99 x 10^-5. The treatment grouping explained approximately 80.8% of the total yield variation, indicating a strong practical effect of Bt spray timing on yield outcome.
4.4 Post-hoc comparison
	Pairwise comparison
	Mean difference (kg/75 sq ft)
	Adjusted P value
	Interpretation

	Night spray after attack vs Morning spray after attack
	+8.92
	p < 0.001
	Night spray significantly higher

	Night spray before attack vs Morning spray after attack
	+9.42
	p < 0.001
	Preventive night spray significantly higher

	After-sunset spray after attack vs Morning spray after attack
	+3.58
	p = 0.032
	After-sunset significantly higher

	Night spray after attack vs After-sunset spray after attack
	+5.33
	p = 0.0006
	Night spray significantly higher

	Night spray before attack vs After-sunset spray after attack
	+5.83
	p = 0.0015
	Preventive night spray significantly higher

	Night spray before attack vs Night spray after attack
	+0.50
	p = 0.978
	No significant difference


Table.5. Post-hoc comparison
The post-hoc comparison is important for field interpretation. Preventive night spray and night spray after three days of attack were statistically similar. Both were much superior to morning spray. Therefore, early night intervention after first detection may be almost as useful as preventive night treatment, provided that the caterpillar attack is not allowed to become severe.
5. Discussion
The present study supports the field possibility of using Bt as an effective biological replacement strategy for synthetic caterpillar-control pesticides in potato cultivation under the tested conditions. Synthetic insecticides such as chlorantraniliprole, emamectin benzoate, spinosad, indoxacarb, flubendiamide, lambda-cyhalothrin and profenophos are commonly used for caterpillar suppression in vegetable and potato-based systems. These chemicals are well known for their toxicity and effectiveness against caterpillar but concerns about residues, farmer exposure, developing resistance, non-targeted beneficiary microbes and insect eater birds etc needs to evaluate. In consideration of Biological control, Bt has a long history of successful caterpillar eliminator with a safe and sustainable crop protection (Bravo et al.,2011; Navon, 2000). Its specificity is important for organic farming because Bt var. kurstaki mainly targets susceptible lepidopteran larvae after ingestion. Reviews on Bt mode of action show that Cry toxins act through the larval midgut, causing epithelial disruption and feeding cessation (Bravo et al., 2007; Pardo-López et al., 2013; Schünemann et al., 2014). This biology supports the use of Bt as a low-residue alternative to broad chemical spraying. The ANOVA result showed that Bt spray timing significantly affected potato yield. Morning spray gave poor yield performance, while night spray after attack and preventive night spray gave the best results. This difference can be biologically explained. Bt must be stabilized under unexposed direct sunlight for few hours, ingested, and ingestion is more likely when caterpillars are exposed and feeding. In the studied field, caterpillars were observed after sunset. Therefore, spraying at night placed Bt on the leaf surface at the time when larvae were most likely to feed. Morning spraying may have been less effective because larvae remained hidden during daylight and because sunlight exposure and dry conditions may reduce the persistence of microbial efficacy with deposits. Bt is most suitable for susceptible lepidopteran larvae and works best against young larvae with active feeding. Caterpillar threat in the present zero-tillage paddy-straw-mulched potato system, the data support Bt as a practical replacement option for synthetic caterpillar pesticides but the application needs to preventive as early as possible when the white flee appears during early stages of seasonal warming transition. Experienced farmers have traditional knowledge in the field of organic or natural farming which is very important to consider. Beneficiary microbes dependent farming is always low cost, less harmful and sustainable practice for quality agriculture so, always it needs to sustainable solution and approach towards toxic synthetic pesticides risk free biological control adoption (Baker et al., 2020; Lacey et al., 2009; Sanchis, 2008) enriched with experienced and experiment-based knowledge of application.  
6. Practical Field experienced based recommendation.
	Under similar field condition
	Recommended Bt-based action

	No visible caterpillar but delayed crop stage and nearby risk present
	After sunset monitoring is important. Preventive night Bt spray may be considered if caterpillar presence is expected. Talcum powder based 108 CFU g-1, 10gm/15-liter water. Spray 3 consecutive days.

	Early caterpillar attack detected
	Apply Bt at night within 1-3 days of detection. Talcum powder based 108 CFU g-1, 10gm/15-liter water. Spray 3 consecutive days.

	Larvae visible mainly after sunset
	Spray after complete sunset or during early night to increase ingestion. Talcum powder based 108 CFU g-1, 10gm/15-liter water. Spray 3 consecutive days.

	Only morning spray is possible
	Not preferred under the present field observation because the morning-spray group produced the lowest yield.

	Severe infestation already established
	Repeated application may be useful although it depends on larval pressure, Talcum powder based 108 CFU g-1, 10gm to 25 gm /15-liter water. Spray 3 consecutive days.


Table.6. User recommendation to the Farmar 
9.Limitations of the Study: 
Under delayed farming conditions in East Kolkata Wetland area, caterpillar infestation are common problem in both conventional and zero-tillage mulch-based potato systems. Although the present field observation supports the effectiveness of nighttime application, multi sessional trial and systemic larval count data would further strengthen to clarify the application timing of Bt formulation.  

10. Conclusion
Under the tested field condition, the talcum-based Bacillus thuringiensis formulation may serve as practical biological alternative to the synthetic caterpillar control-insecticides, particularly when applied in nighttime or after sun set during active larval feeding. 
In zero-tillage paddy-straw-mulched potato farming, application timing is important for biological control of lepidoptera insects. Night spray after early caterpillar attack and preventive night spray before visible attack produced the best yield performance and the threats successfully resist further attack, whereas morning spray after attack was significantly inferior. One-way ANOVA and Welch ANOVA both confirmed highly significant treatment differences. The result suggests that Bt should not be used casually as just another spray input; it should be applied when caterpillars are exposed and actively feeding. Under the tested field condition, night or post-sunset Bt application appears to be the most practical organic method for caterpillar control and yield protection.
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