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CHITOSAN'S ROLE IN ENHANCING REARING PARAMETERS IN BACTERIAL-INFECTED SILKWORMS


ABSTRACT
This study evaluated the efficacy of silkworm-pupal chitosan, extracted via standard methods deproteinization, demineralisation and deacetylation against Staphylococcus aureus and Bacillus thuringiensis infections in third-instar FC1×FC2 hybrid silkworms. Following oral inoculation, silkworms received chitosan treatments at four concentrations (3500, 4000, 4500 and 5000 ppm), along with ampicillin (1000 ppm), commercial chitosan (1000 ppm), solvent, absolute and un-inoculated controls. Treatments were applied to mulberry leaves at 6, 12, 18, 24 and 30 hours post-inoculation (hpi). Key parameters recorded included larval weight, disease incidence, mortality, effective rearing rate and cocoon weight.
The results showed a clear dose-dependent response, with the 5000 ppm chitosan treatment applied at 6 hpi yielding optimal outcomes across all metrics, highest larval weight (33.45 g/10 larvae), lowest disease incidence (24.5%), reduced mortality (26.4%), improved rearing success (73.6%) and satisfactory cocoon weights (1.640 g). Although ampicillin remained the most effective overall, high-dose chitosan performed comparably well, particularly when applied early. Notably, pathogen-specific differences emerged, with B. thuringiensis leading to poorer outcomes than S. aureus, highlighting the need for tailored chitosan interventions. Early application markedly enhanced treatment efficacy. These findings support the use of high-concentration silkworm-pupal chitosan as an eco-friendly, antimicrobial alternative in sericulture, capable of preserving larval health and maximizing cocoon production when used promptly after bacterial exposure.
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INTRODUCTION
India plays a significant role in global silk production, accounting for a substantial share of the world's output. The southern states, particularly Karnataka, drive this industry, with mulberry silk constituting roughly 70 per cent of its total production. Despite the COVID-19 pandemic, India's raw silk production increased to 38,913 metric tons in 2023-24 (Anon., 2024).
The sericulture industry generates a substantial amount of silkworm pupae, approximately 60 per cent of the dry weight of cocoons. India alone produces about 40,000 metric tons of dry pupae annually, presenting a vast opportunity for their utilization (Mahesh et al., 2015). Silkworm pupae are a nutrient-rich resource, containing high levels of protein, lipids and energy, along with essential minerals and vitamins (Longvah et al., 2011).
These pupae can serve as a viable alternative source of chitin, which can be converted into chitosan through deacetylation (Suresh et al., 2012). Chitosan has garnered significant attention for its biocompatibility, non-toxicity and antimicrobial properties (Priyadarshini et al., 2018). Research has shown that chitosan-enriched feed can enhance silkworm growth and exhibit bactericidal effects, offering a natural alternative to synthetic bactericides (Priyadarshini et al., 2018).
However, silkworm diseases, particularly bacterial infections, pose a significant threat to the sericulture industry. Studies have explored the antimicrobial efficacy of chitosan derived from silkworm pupae against harmful bacterial pathogens, including Staphylococcus aureus and Bacillus thuringiensis. Given the susceptibility of bivoltine silkworm varieties to diseases like septicemia (Tayal & Chauhan, 2017), such research holds promise for the industry.
1. METHODOLOGY
Chitin and chitosan extraction involved a three-step process: deproteinization, demineralization and deacetylation, following the protocol outlined by Suresh et al. (2012) with modifications. The extraction process involved treating silkworm pupal powder with 4 per cent NaOH at 70°C for 4 hours for deproteinization, followed by washing and rinsing. Demineralization was then performed using 3 per cent HCl at room temperature for 2 hours. Subsequently, chitin was converted to chitosan through deacetylation with 45 per cent NaOH at 95°C for 4 hours. The resulting chitosan was washed, rinsed and dried in a hot air oven at 50°C for 10 hours. Finally, chitosan was purified through decolorization with 6 per cent H₂O₂ at 50°C for 4 hours, yielding pure chitosan.
Twenty-five DFL’s of third instar FC1×FC2 silkworm hybrid, were procured from the Registered Chawki Rearing Centre, for further rearing and experimentation. Silkworms were reared until the fourth moult by feeding with untreated mulberry leaves by following the standard recommended practices outlined by Dandin and Giridhar (2014). The pathogens were inoculated orally by feeding mulberry leaves to the silkworms smeared with bacterial suspensions, soon after fourth moult. The mulberry leaf bits of 100 cm2 size was prepared and washed in running water and sterilized by using 70 per cent alcohol (by cotton swab). The sterilized leaves were shade dried and such leaves were smeared evenly with bacterial suspension of 10⁸ CFU/mL (i.e., 0.27 mL/ replication of 50 worms) using non-absorbent cotton. The leaves were shade dried and fed to the silkworms and control batches of silkworms were fed only with non-inoculated surface sterilized mulberry leaves (Manjunath Gowda, 2009) (Fig. 1). 
The experiment was carried out in a completely randomized design with nine treatments which were replicated thrice. The treatments are chitosan @ 3500 ppm, 4000 ppm, 4500 ppm and 5000 ppm along with standard ampicillin @ 1000 ppm, commercial chitosan @ 1000 ppm, solvent control, absolute control and bacteria un-inoculated silkworms. The sterilized mulberry leaves were dipped in the above treatments for ten minutes and shade dried. The treated dried leaves were fed to the silkworms after 6 hours post inoculation (hpi), 12 hpi, 18 hpi, 24 hpi and 30 hpi of bacterial suspension. For subsequent feedings, inoculum free leaves suitable for the age was provided for both treated and untreated batches. Further, the ripe worms were hand-picked from each replication and were mounted separately on the mountages for cocoon spinning. The mountages were kept in the mounting hall to provide optimum environmental conditions for spinning. Later on, the cocoons were harvested manually on the sixth day of mounting and economic traits such as moth emergence (%), deformed moth (%), fecundity and hatching (%) were recorded. 
Further, the data was analysed statistically for the test of significance using Fisher’s method of analysis of variance as outlined by Sundarraj et al. (1972). The level of significance of F-test was at 5 per cent. The interpretation of data was done using critical difference (CD) values. 
Mounting and harvesting: Mature silkworms from each replicate were transferred to spinning frames, where they formed cocoons under optimal environmental conditions. The cocoons were then manually harvested on the sixth day. The following rearing parameters were recorded during the course of investigation are grown up larval weight (g/10 nos.), disease incidence (%), mortality (%), effective rate of rearing (%) and cocoon weight (g).



3. RESULTS AND DISCUSSION
3.1. Grown up larval weight (g/10 Nos.)
Significant variations in grown up larval weight were observed among the bacterial strains (A), treatments (B) and time of chitosan application after bacterial inoculation (C) (Table 1). Among all the treatments and time points, the average larval weight was higher for the silkworms inoculated with S. aureus (34.38 g/10 Nos.) than for B. thuringiensis (32.55 g/10 Nos.). The larval weight was significantly better in S. aureus inoculated silkworms, possibly because chitosan's antibacterial activity was more effective against S. aureus. This suggests that B. thuringiensis may exert a more severe physiological stress on silkworm larvae due to differences in pathogenicity or toxin production. 
Table 1: Effect of chitosan application on grown up larval weight (g/10 Nos.) in silkworm infected with Staphylococcus aureus and Bacillus thuringiensis
	Treatments (B)
	Time of chitosan application following bacterial inoculation (hpi) (C)
	Bacterial strains (A) mean
	Treatments (B) mean

	
	6 hpi
	12 hpi
	18 hpi
	24 hpi
	30 hpi
	
	

	
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	

	S1: Chitosan @ 3500 ppm
	34.64
	32.42
	35.22
	31.58
	33.31
	30.89
	33.65
	31.01
	32.99
	31.24
	33.96
	31.43
	32.69

	S2: Chitosan @ 4000 ppm
	34.78
	32.41
	35.15
	32.64
	33.00
	32.50
	33.68
	31.68
	32.61
	31.88
	33.84
	32.22
	33.03

	S3: Chitosan @ 4500 ppm
	34.47
	33.48
	33.50
	31.79
	33.45
	31.91
	33.88
	31.12
	33.29
	30.99
	33.72
	31.86
	32.79

	S4: Chitosan @ 5000 ppm
	35.25
	33.67
	34.50
	32.42
	35.15
	31.59
	34.47
	32.04
	33.80
	31.61
	34.63
	32.27
	33.45

	S5: Ampicillin @ 1000 ppm
	37.43
	35.60
	36.48
	35.35
	36.24
	34.41
	36.29
	34.20
	36.21
	32.04
	36.53
	34.32
	35.42

	S6: Com. chitosan @ 1000 ppm
	36.98
	34.19
	36.33
	33.42
	34.73
	32.83
	35.00
	32.16
	34.71
	31.41
	35.55
	32.80
	34.17

	S7: Solvent control
	33.29
	31.38
	32.19
	31.12
	31.66
	30.26
	31.07
	29.41
	30.69
	29.60
	31.78
	30.35
	31.07

	S8: Absolute control
	29.98
	28.23
	29.98
	28.23
	29.98
	28.23
	29.98
	28.23
	29.98
	28.23
	29.98
	28.23
	29.11

	S9: Bacteria un-inoculated
	39.48
	39.47
	39.48
	39.47
	39.48
	39.47
	39.48
	39.47
	39.48
	39.47
	39.48
	39.47
	39.47

	Mean 
	34.29
	33.82
	33.28
	33.16
	32.79
	34.38
	32.55
	

	Mean A, B, C
	33.47
	33.47
	33.47



	
	A
	B
	AB
	C
	AC
	BC
	ABC

	F-Test
	*
	*
	*
	*
	NS
	*
	NS

	SEm ±
	0.102
	0.216
	0.305
	0.161
	-
	0.483
	-

	CD @ 5%
	0.201
	0.426
	0.603
	0.318
	-
	0.953
	-

	Note: * Significant; NS - Non-significant; A- Bacterial strains; B- Treatments; C- Hours of post inoculation (hpi); Sa- Staphylococcus aureus; Bt- Bacillus thuringiensis; Com.- Commercial chitosan




The treatments (B) exhibited significant differences in reducing the impact of bacterial infections on larval weight. Silkworm pupal chitosan treatments showed a dose-dependent effect. Among the bacteria inoculated groups, the highest mean larval weight of silkworms was recorded in the treatments of chitosan at 5000 ppm with 33.45 g/10 Nos. and chitosan at 4000 ppm showed a mean larval weight of 33.03 g/10 Nos. on par with chitosan at 5000 ppm, indicating its potential as an alternative to antibiotics. Ampicillin at 1000 ppm showed the best performance, with the highest mean larval weight of 35.42 g/10 Nos., followed by commercial chitosan at 1000 ppm which performed better, recording a mean larval weight of 34.17 g/10 Nos. among all treatments. The solvent control and absolute control had significantly lower larval weights of 31.07 g/10 Nos. and 29.11 g/10 Nos., respectively, highlighting the detrimental effects of bacterial infections in the absence of effective treatments. The bacteria un-inoculated silkworms recorded the highest weight of 39.47 g/10 Nos. establishing the baseline for healthy larval growth.
The treatment application time points of hours post-inoculation (hpi) (C) significantly affected larval weight, with a progressive decline in weight as hpi increased. The highest larval weight (34.29 g/10 Nos.) was found in the silkworm batch with 6 hpi compared to the delayed application of chitosan treatments after bacterial inoculation. Early intervention with treatments was more effective in mitigating weight loss. The most substantial decline in weight was observed after 18 hpi, reflecting the cumulative physiological damage caused by the bacteria. The effectiveness of treatments varied between S. aureus and B. thuringiensis and over time, with ampicillin and higher chitosan concentrations remaining effective even at later hpi in maintaining larval weight.
Larval weight varied significantly among the interaction of bacterial strain and treatments (A×B), indicating that the effect of chitosan depends on the bacterial strains. This highlights the varying efficacies of chitosan for S. aureus and B. thuringiensis infections. Significant differences were observed in larval weights influenced by the interactions of treatments with the time of chitosan application after bacterial inoculation (B×C). This may suggest time-dependent effectiveness of treatments, especially for chitosan. The interaction of bacterial strains with the time of chitosan application after bacterial inoculation (A×C) and the interaction of all factors (A×B×C) were found to be non-significant regarding larval weights of the silkworm. Among the interactions, highest larval weight (37.43 g/10 Nos.) was observed in the treatment of ampicillin @ 1000 ppm applied 6 hours after the S. aureus inoculation. Among the chitosan concentrations, highest larval weight (35.25 g/10 Nos.) was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the S. aureus inoculation followed by 35.22 g/10 Nos. of larval weight was observed in the treatment of chitosan @ 3500 ppm applied 12 hours after the S. aureus inoculation and the least larval weight (28.23 g/10 Nos.) was observed in the silkworms of absolute control with the S. aureus inoculation.
The present study's findings align with those of Priyadharshini et al. (2018) who observed that, the highest larval weights of B. thuringiensis infected silkworms were achieved with 2.5 per cent chitosan treatment (23.49 g), followed by 2.0 per cent chitosan treatment (21.53 g). Similarly, the highest larval weights for S. aureus infected silkworms were also recorded with 2.5 per cent chitosan treatment (22.99 g), followed by 2.0 per cent chitosan treatment (21.02 g). Notably, the current study found that a chitosan concentration of 5000 ppm yielded the highest larval weight. These results are further supported by Manimegalai and Chandramohan (2008), who reported that antibiotics alone at 1000 ppm resulted in higher single larval weights (3.70 g) for B. thuringiensis infected silkworms, highlighting the positive impact of antibiotics. Collectively, present findings suggest that optimized chitosan dosages can serve as eco-friendly alternatives to conventional antibiotics enhancing silkworm health.
3.2. Disease incidence (%)
The disease incidence is significantly influenced by the bacterial strains (A), treatments (B), time of chitosan application after bacterial inoculation (C) and all their combined interactions (A×B, A×C, B×C and A×B×C) for the pathogen infected silkworms (Table 2). 
The significant difference in disease incidence (%) was observed by the influence of the bacterial strains (A). Mean disease incidence was higher in B. thuringiensis infected silkworms (31.65%) compared to S. aureus (25.83%) across all treatments. This aligns with the pathogenicity differences between the two strains, where B. thuringiensis is known for its broader virulence spectrum. B. thuringiensis exhibits higher disease incidence in silkworms compared to S. aureus due to its insect-specific cry toxins. These toxins target midgut cells, causing gut disruption, septicemia and rapid mortality.
B. thuringiensis ingestion-based infection route ensures efficient transmission and significant population impact. In contrast, S. aureus requires compromised immunity or wounds to infect, lacking targeted mechanisms against silkworms and resulting in slower disease progression and lower incidence. B. thuringiensis rapid effects and targeted action make it more pathogenic to silkworms.
Among the different treatments (B), bacteria un-inoculated silkworms recorded the lowest disease incidence (3.78%), serving as the benchmark for comparison. Among infected groups, ampicillin at 1000 ppm achieved the lowest disease incidence, with the mean of 12.70 per cent (S. aureus) and 18.97 per cent (B. thuringiensis) (overall mean: 15.83%). This indicates its superior ability to suppress bacterial infections. Chitosan at 5000 ppm demonstrated the best performance among chitosan concentrations, achieving a mean disease incidence of 21.30 per cent (S. aureus) and 27.72 per cent (B. thuringiensis) (overall mean: 24.51%). Disease incidence decreased progressively with increasing chitosan concentration, with 4500 ppm and 4000 ppm achieving overall means of 26.26 per cent and 28.20 per cent, respectively. Similarly, the solvent control exhibited a high disease incidence (39.75%), indicating limited efficacy and the absolute control showed the highest disease incidence (71.98%), underscoring the severity of untreated bacterial infections.
Table 2: Effect of chitosan application on disease incidence (%) in silkworm infected with Staphylococcus aureus and Bacillus thuringiensis
	Treatments (B)

	Time of chitosan application following bacterial inoculation (hpi) (C)
	Bacterial strains (A) mean
	Treatments (B) mean

	
	6 hpi
	12 hpi
	18 hpi
	24 hpi
	30 hpi
	
	

	
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	

	S1: Chitosan @ 3500 ppm
	22.83
	31.25
	26.33
	32.50
	27.00
	34.33
	24.08
	33.58
	25.58
	32.50
	25.17
	32.83
	29.00

	S2: Chitosan @ 4000 ppm
	21.33
	30.50
	23.00
	34.50
	26.67
	29.92
	23.08
	32.33
	27.25
	33.42
	24.27
	32.13
	28.20

	S3: Chitosan @ 4500 ppm
	22.58
	27.08
	22.25
	26.33
	21.00
	31.92
	23.75
	31.75
	25.67
	30.25
	23.05
	29.47
	26.26

	S4: Chitosan @ 5000 ppm
	18.67
	25.83
	19.50
	26.67
	22.50
	27.00
	22.08
	30.50
	23.75
	28.58
	21.30
	27.72
	24.51

	S5: Ampicillin @ 1000 ppm
	8.42
	15.92
	10.25
	19.17
	14.83
	19.33
	13.67
	20.33
	16.33
	20.08
	12.70
	18.97
	15.83

	S6: Com. chitosan @ 1000 ppm
	14.58
	20.58
	15.75
	20.92
	18.50
	21.25
	17.42
	22.17
	20.08
	22.08
	17.27
	21.40
	19.33

	S7: Solvent control
	33.25
	40.50
	36.33
	42.50
	36.42
	44.58
	37.33
	43.17
	38.75
	44.67
	36.42
	43.08
	39.75

	S8: Absolute control
	67.75
	75.33
	68.50
	75.42
	68.17
	75.50
	69.17
	75.08
	68.75
	76.17
	68.47
	75.50
	71.98

	S9: Bacteria un-inoculated
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.75
	3.78

	Mean 
	26.88
	28.19
	29.26
	29.28
	30.08
	25.83
	31.65
	

	Mean A, B, C
	28.74
	28.74
	28.74



	
	A
	B
	AB
	C
	AC
	BC
	ABC

	F-Test
	*
	*
	*
	*
	*
	*
	*

	SEm ±
	0.151
	0.321
	0.454
	0.239
	0.338
	0.718
	1.015

	CD @ 5%
	0.299
	0.633
	0.896
	0.472
	0.668
	1.416
	2.003

	Note: * Significant; NS - Non-significant; A- Bacterial strains; B- Treatments; C- Hours of post inoculation (hpi); Sa- Staphylococcus aureus; Bt- Bacillus thuringiensis; Com.- Commercial chitosan


The disease incidence (%) was also significantly influenced by the time of chitosan application after bacterial inoculation (C) after bacterial infection. Disease incidence (%) increased progressively with delayed time of chitosan application after bacterial inoculation. At 6 hpi, disease incidence was the lowest (26.88%) compared to the other batches with delayed chitosan application, highlighting the importance of early intervention. Disease incidence percentage peaked to 30.08 per cent in 30 hpi batches.
[bookmark: _Hlk190482612]All the combined interactions (A×B, A×C, B×C and A×B×C) for the chitosan treated bacteria inoculated silkworms significantly influenced the disease incidence (%). Lowest disease incidence (3.75%) was observed in the bacteria un-inoculated silkworms. Among the interactions, lower disease incidence (8.42%) was recorded in the treatment ampicillin @ 1000 ppm applied 6 hours after the S. aureus inoculation. Among the chitosan concentrations, least disease incidence (18.67%) was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the S. aureus inoculation followed by 19.50 percentage of disease incidence was observed in the treatment chitosan @ 5000 ppm applied 12 hours after the S. aureus inoculation and the highest disease incidence (75.33%) was observed in the silkworms of absolute control with the B. thuringiensis inoculation.
Ampicillin demonstrated the best efficacy, likely due to its strong antimicrobial properties. Among natural alternatives, high-dose chitosan (≥4500 ppm) performed well, suggesting its potential as an eco-friendly solution for bacterial control. The significant effect of time of chitosan application after bacterial inoculation (C) on disease incidence indicates the importance of timely chitosan application. Delayed application allows infections to progress, resulting in higher disease incidence. The slightly higher disease incidence in B. thuringiensis infected silkworms suggests that chitosan treatments may need to be optimized further to address the unique virulence of B. thuringiensis. Early and adequate dosing with effective treatments, such as ampicillin or high-dose chitosan, is crucial for minimizing disease incidence.
In the present study, as the period of silkworm infection with both the bacteria increased, the crawling speed of the silkworms slowed, their leaf consumption gradually decreased and the body wall became greyish brown. This might be because of the rupturing of the peritrophic membrane of the silkworm midgut that plays an important role in protecting the midgut and in the immune defence of the larva which is an effective physical barrier in the silkworm. Pan et al. (2023) reported the alike results that, after the larvae had been infected with S. aureus for 36 h, the peritrophic membrane of the midgut was broken and dispersed, indicating that its protective function was abolished. Similarly, in the present study the silkworms treated with antibiotics and chitosan concentrations in early interventions after bacterial inoculation had reduced disease incidence (%) compared to later interventions of the treatments. And also, the current study's observation of reduced disease incidence following chitosan administration aligns with previous reports of Baig et al. (1990), who noted a decreased disease incidence and enhanced survival rates by application of antibiotics, such as streptomycin sulphate. According to Norris (1971), antibiotics do not facilitate sporangial rupture, thereby preventing the release of spores and crystals; a similar mechanism may have occurred in the present study.
3.3. Mortality (%)
Significant differences were observed in all the factors, bacterial strains (A), treatments (B), time of chitosan application after bacterial inoculation (C) and their interactions (A×B, A×C, B×C and A×B×C), indicating that mortality is influenced by bacterial strains, chitosan concentrations, timing of chitosan application after bacterial inoculation and their combined effects (Table 3). Among the bacterial strains (A), the mean mortality was higher in B. thuringiensis infected silkworms (33.62%) than in S. aureus infected ones (27.96%). This trend reflects the higher pathogenicity of B. thuringiensis, which can cause severe damage in silkworms. This is because B. thuringiensis produces cry toxins that bind to silkworm gut receptors, causing cell lysis and death. In contrast, S. aureus is an opportunistic pathogen that can cause septicemia in silkworms but lacks specific toxins, leading to slower mortality compared to B. thuringiensis infection.
Table 3: Effect of chitosan application on mortality (%) in silkworm infected with Staphylococcus aureus and Bacillus thuringiensis

	Treatments (B)
	Time of chitosan application following bacterial inoculation (hpi) (C)
	Bacterial strains (A) mean
	Treatments (B) mean

	
	6 hpi
	12 hpi
	18 hpi
	24 hpi
	30 hpi
	
	

	
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	

	S1: Chitosan @ 3500 ppm
	25.42
	33.42
	28.92
	35.17
	28.92
	37.00
	26.00
	36.17
	27.92
	33.50
	27.43
	35.05
	31.24

	S2: Chitosan @ 4000 ppm
	23.25
	32.75
	25.17
	37.17
	28.83
	32.08
	25.67
	34.92
	29.08
	34.42
	26.40
	34.27
	30.33

	S3: Chitosan @ 4500 ppm
	24.75
	29.33
	24.42
	28.58
	22.92
	33.83
	25.33
	34.00
	28.25
	30.00
	25.13
	31.15
	28.14

	S4: Chitosan @ 5000 ppm
	20.50
	27.67
	21.83
	28.92
	24.33
	29.25
	23.58
	32.42
	26.33
	29.58
	23.32
	29.57
	26.44

	S5: Ampicillin @ 1000 ppm
	9.58
	18.17
	12.83
	21.42
	16.33
	21.17
	15.58
	23.00
	18.25
	20.67
	14.52
	20.88
	17.70

	S6: Com. chitosan @ 1000 ppm
	16.42
	22.83
	17.25
	23.17
	20.00
	23.08
	19.25
	24.33
	22.67
	23.08
	19.12
	23.30
	21.21

	S7: Solvent control
	35.92
	42.75
	39.33
	44.75
	40.08
	47.92
	40.33
	45.75
	41.00
	45.17
	39.33
	45.27
	42.30

	S8: Absolute control
	71.17
	77.83
	71.17
	77.83
	71.17
	77.83
	71.17
	77.83
	71.17
	77.83
	71.17
	77.83
	74.50

	S9: Bacteria un-inoculated
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25
	5.25

	Mean 
	29.01
	30.47
	31.40
	31.44
	31.63
	27.96
	33.62
	

	Mean A, B, C
	30.79
	30.79
	30.79



	
	A
	B
	AB
	C
	AC
	BC
	ABC

	F-Test
	*
	*
	*
	*
	*
	*
	*

	SEm ±
	0.138
	0.292
	0.413
	0.218
	0.308
	0.653
	0.924

	CD @ 5%
	0.272
	0.577
	0.815
	0.430
	0.608
	1.289
	1.823

	Note: * Significant; NS - Non-significant; A- Bacterial strains; B- Treatments; C- Hours of post inoculation (hpi); Sa- Staphylococcus aureus; Bt- Bacillus thuringiensis; Com.- Commercial chitosan


The treatments (B) displayed significant differences in reducing mortality. The bacteria un-inoculated control recorded the lowest mean mortality rate of 5.25 per cent, serving as the baseline for comparison. Among infected groups, ampicillin at 1000 ppm resulted in the lowest mean mortality rate of 17.70 per cent, followed by commercial chitosan at 1000 ppm with 21.21 per cent. Their effectiveness can be attributed to their strong antimicrobial properties. Chitosan at 5000 ppm performed the best among chitosan formulations, achieving a mean mortality rate of 26.44 per cent. Mortality rates decreased as chitosan concentration increased, with 4500 ppm and 4000 ppm showing overall mean of 28.14 per cent and 30.33 per cent, respectively. Furthermore, the absolute control recorded the highest mortality rate of 74.50 per cent followed by the solvent control with 42.30 per cent, underscoring the severe impact of untreated bacterial infections.
Mortality (%) was also significantly influenced by the time of chitosan application after bacterial inoculation (C) after bacterial infection. Based on the effect of hours post-inoculation (hpi), mortality rates increased with delayed application of treatments. Across all the batches, mortality rates were lowest at 6 hpi, recording a mean of 29.01 per cent, which emphasizes the importance of early intervention. Mortality rates were highest at 30 hpi, at 31.63 per cent.
The interactions between bacterial strains (A), treatments (B) and time of chitosan application after bacterial inoculation (C) were significant, revealing complex relationships between these factors. The interaction between bacterial strains and treatments (A×B) showed that chitosan at higher concentrations of 5000 ppm and ampicillin were more effective in reducing mortality for both pathogens, with slightly better results against S. aureus. The interaction between bacterial strains and time of chitosan application after bacterial inoculation (A×C) indicated that mortality trends for both bacteria followed similar patterns over time, peaking at chitosan application at 30 hpi. Furthermore, the interaction between treatments and time of chitosan application after bacterial inoculation (B×C) revealed that the effectiveness of treatments varied over time, with ampicillin and high chitosan concentrations maintaining effectiveness even chitosan application at 30 hpi. Notably, the three-way interaction (A×B×C) was significant, confirming that mortality is influenced by a complex interplay of bacterial strain, treatment and time of chitosan application after bacterial inoculation. For instance, ampicillin provided consistent protection over time for both bacteria, while lower chitosan concentrations showed reduced efficacy at later time points.
All the combined interactions (A×B, A×C, B×C and A×B×C) for the chitosan treated bacteria inoculated silkworms significantly influenced the mortality (%). Lowest mortality (5.25%) was observed in the bacteria un-inoculated silkworms. Among the interactions, lower mortality (9.58%) was recorded in the treatment ampicillin @ 1000 ppm applied 6 hours after the S. aureus inoculation. Among the chitosan concentrations, least mortality (20.50%) was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the S. aureus inoculation followed by 21.83 percentage of mortality was observed in the treatment chitosan @ 5000 ppm applied 12 hours after the S. aureus inoculation and the highest mortality (77.83%) was observed in the silkworms of absolute control with the B. thuringiensis inoculation and 37.17 percentage of mortality was highest among the chitosan treatments with 4000 ppm concentration applied 12 hours after the B. thuringiensis inoculation.
Ampicillin was the most effective treatment in reducing mortality, followed by commercial chitosan and high-dose of extracted silkworm pupal chitosan (≥4500 ppm). This highlights the potential of chitosan as a natural antimicrobial alternative, particularly at higher doses. The significant effect of time of chitosan application after bacterial inoculation indicates the critical role of early treatment in reducing mortality.  The higher mortality in B. thuringiensis infected silkworms compared to S. aureus suggests that B. thuringiensis is more virulent, requiring more potent or earlier interventions to mitigate its effects. Early and adequate treatment with ampicillin or high-dose of silkworm pupal chitosan is essential for minimizing mortality in infected silkworms.
The cell membrane of gram-positive bacteria is enveloped by a cell wall comprising multiple layers of peptidoglycans, which contain acetylmuramic acid, D- and L-amino acids and teichoic acid. The positively charged amino groups of chitosan bind to these teichoic acids, leading to cell wall distortion and disruption. This, in turn, exposes the cell membrane to osmotic shock and the leakage of cytoplasmic contents (Vishu Kumar et al., 2005). Moreover, the binding of chitosan to teichoic acids, coupled with the potential extraction of bacterial membrane lipids, ultimately results in bacterial death. Consequently, in the present study the mortality rate (%) was significantly lower in chitosan treated groups of silkworms compared to the absolute control among the batches treated with B. thuringiensis and S. aureus.
Similar results were obtained by Priyadharshini et al. (2018) where the chitosan treatments with higher concentration (2.5% i.e. 25000 ppm) caused least larval mortality (10.5% for S. aureus and 17.0% for B. thuringiensis) compared to other treatments. But in the present study least mortality (20.5% for S. aureus and 27.6% for B. thuringiensis) was observed in 5000 ppm concentration of chitosan application after 6 hours of post inoculation of bacteria ensures minimal use of chitosan with best results compared to other treatments. Similarly, Priyadharshini et al. (2009) controlled the larval mortality of the silkworms infected with Bacillus sp. by the treatment of botanicals like amla (16.6%), boerhavia (17.7%), asparagus (20.0%) etc.  Furthermore, Manimegalai and Chandramohan (2008) reported the least mortality of 18.67 per cent with doxycycline hydrogen chloride (antibiotic) compared to other treatments among the silkworms infected with B. thuringiensis. 
3.4. Effective rate of rearing (%)
The effect of dosage and time of application of chitosan treatments on the effective rate of rearing (ERR) of silkworms infected with S. aureus and B. thuringiensis (Table 4). The bacterial strains (A) significantly influenced the rearing rate. Overall, silkworms infected with S. aureus exhibited slightly higher ERR (72.04%) compared to B. thuringiensis (66.38%). This suggests that, B. thuringiensis may be more pathogenic or harder to control by the chitosan and other treatments in silkworms when compared to S. aureus.
 The treatments (B) were found to be significant in influencing the survivability. In the bacteria un-inoculated group, the survivability remained consistently high (94.75%), indicating the baseline performance without bacterial infection. Among the infected groups, silkworm pupal chitosan @ 4500 ppm and the same @ 5000 ppm performed well, with mean values of 71.86 per cent and 73.56 per cent, respectively. Ampicillin @ 1000 ppm recorded the highest mean of ERR (82.30%) followed by, commercial chitosan @ 1000 ppm also showed promising results (78.79%). All chitosan treatments showed progressive improvement with increasing dosage indicating a dose-dependent effect. The lowest survival rates were observed in the controls, particularly the absolute control (25.50%) and solvent control (57.70%) highlighting the detrimental impact of bacterial infection without chitosan treatment. This highlights the efficacy of pupal chitosan in controlling bacterial infections in silkworms with comparable performance, suggesting its potential as an alternative to antibiotics.
Table 4: Effect of chitosan application on effective rate of rearing (%) in silkworm infected with Staphylococcus aureus and Bacillus thuringiensis
	Treatments (B)
	Time of chitosan application following bacterial inoculation (hpi) (C)
	Bacterial strains (A) mean
	Treatments (B) mean

	
	6 hpi
	12 hpi
	18 hpi
	24 hpi
	30 hpi
	
	

	
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	

	S1: Chitosan @ 3500 ppm
	74.58
	66.58
	71.08
	64.83
	71.08
	63.00
	74.00
	63.83
	72.08
	66.50
	72.57
	64.95
	68.76

	S2: Chitosan @ 4000 ppm
	76.75
	67.25
	74.83
	62.83
	71.17
	67.92
	74.33
	65.08
	70.92
	65.58
	73.60
	65.73
	69.67

	S3: Chitosan @ 4500 ppm
	75.25
	70.67
	75.58
	71.42
	77.08
	66.17
	74.67
	66.00
	71.75
	70.00
	74.87
	68.85
	71.86

	S4: Chitosan @ 5000 ppm
	79.50
	72.33
	78.17
	71.08
	75.67
	70.75
	76.42
	67.58
	73.67
	70.42
	76.68
	70.43
	73.56

	S5: Ampicillin @ 1000 ppm
	90.42
	81.83
	87.17
	78.58
	83.67
	78.83
	84.42
	77.00
	81.75
	79.33
	85.48
	79.12
	82.30

	S6: Com. chitosan @ 1000 ppm
	83.58
	77.17
	82.75
	76.83
	80.00
	76.92
	80.75
	75.67
	77.33
	76.92
	80.88
	76.70
	78.79

	S7: Solvent control
	64.08
	57.25
	60.67
	55.25
	59.92
	52.08
	59.67
	54.25
	59.00
	54.83
	60.67
	54.73
	57.70

	S8: Absolute control
	28.83
	22.17
	28.83
	22.17
	28.83
	22.17
	28.83
	22.17
	28.83
	22.17
	28.83
	22.17
	25.50

	S9: Bacteria un-inoculated
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75
	94.75

	Mean 
	70.99
	69.53
	68.60
	68.56
	68.37
	72.04
	66.38
	

	Mean A, B, C
	69.21
	69.21
	69.21


 
	
	A
	B
	AB
	C
	AC
	BC
	ABC

	F-Test
	*
	*
	*
	*
	*
	*
	*

	SEm ±
	0.138
	0.292
	0.413
	0.218
	0.308
	0.653
	0.924

	CD @ 5%
	0.272
	0.577
	0.815
	0.430
	0.608
	1.289
	1.823

	Note: * Significant; NS - Non-significant; A- Bacterial strains; B- Treatments; C- Hours of post inoculation (hpi); Sa- Staphylococcus aureus; Bt- Bacillus thuringiensis; Com.- Commercial chitosan














Time of chitosan application after bacterial inoculation (C) was significant in influencing the effective rate of rearing. Among different batches of time of chitosan application after bacterial inoculation, the mean survival rates were highest at chitosan application after 6 hpi (70.99%) and lowest at 30 hpi (68.37%), demonstrating that earlier application did not allow infections to progress. Based on the effect of chitosan application after hours post-inoculation (hpi), the effective rearing rate (ERR) decreased with delayed. application of chitosan after bacterial inoculation. This decrease may be attributed to the chitosan’s ability to reduce bacterial load at critical time points.
The interaction between bacterial strains and treatments (A×B) was significant, showing that ERR varied depending on both the bacterial strain and the chitosan concentration used. For instance, ampicillin and higher concentrations of chitosan consistently showed higher ERR values for both strains. The interaction between bacterial strains and time of chitosan application after bacterial inoculation (A×C) revealed that ERR trends over time were similar for both bacterial strains, with a gradual decrease observed after 6 hpi. Furthermore, the interaction between treatments and time of chitosan application after bacterial inoculation (B×C) highlighted that the effectiveness of treatments varied across different time points, with ampicillin and high chitosan concentration being more effective in sustaining ERR even at 30 hpi. Notably, the three-way interaction (A×B×C) was significant, confirming that ERR was influenced by a combination of the bacterial strain, treatment and time. For example, higher ERR values were observed in ampicillin and higher concentrations of chitosan treatments across all time points, whereas lower chitosan concentrations were less effective at later stages. Significant interaction effects highlight the importance of selecting appropriate chitosan doses and time of chitosan application after bacterial inoculation to maximize the rearing rate in infected silkworms.
Among the interactions, highest ERR (90.42%) was observed in the treatment of ampicillin @ 1000 ppm applied 6 hours after the S. aureus inoculation. Among the chitosan concentrations, highest ERR (79.50%) was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the S. aureus inoculation followed by 78.17 percentage of ERR was observed in the treatment of chitosan @ 5000 ppm applied 12 hours after the S. aureus inoculation and 77.08 percentage of ERR was observed in the treatment of chitosan @ 4500 ppm applied 18 hours after the S. aureus inoculation. Contrary, the least ERR (22.17%) was observed in the silkworms of absolute control with the B. thuringiensis inoculation.
The present results align with the findings of Pranab et al. (2010), who reported the highest ERR of 85.53 per cent using a treatment combination consisting of antibiotics (streptomycin sulphate at 1000 ppm), digloti (Litsea salicifolia at 1000 ppm), sucrose (2% W/V) and a carrier (0.02% W/V) among silkworms infected with flacherie-causing diseases. Similarly, Priyadharshini et al. (2009) found the highest ERR among silkworms infected with Bacillus sp. when treated with botanicals, including amla (75.0%), boerhavia (74.0%), asparagus (72.0%), bael (70.0%), turmeric (68%), basil (66%) and garlic (50%). As noted by Norris (1971), antibiotics inhibit sporangial rupture, preventing spore and crystal release and a comparable mechanism may be at play in this study resulting in the increased ERR.
Nagat (2025) studied the effects of three concentrations (0.1, 0.2 and 0.3 mg/ml of distilled water) of the delzosin antibiotic on silkworm (Bombyx mori) parameters. The observational data from the study indicated improvements in silkworm parameters. Notably, the present study found better results using similar concentrations of chitosan and antibiotics in mitigating bacterial diseases and improving rearing parameters.
3.5. Cocoon weight (g)
The cocoon weight’s significantly influenced by bacterial strains (A), treatments (B) and time of chitosan application after bacterial inoculation (C) for the silkworms infected with S. aureus and B. thuringiensis (Table 5). Silkworms infected with S. aureus recorded higher overall cocoon weight (1.706 g) compared to those infected with B. thuringiensis (1.662 g). 
The treatments (B) displayed significant differences in increasing the cocoon weight of the silkworms infected with the bacterial pathogens. In the bacteria un-inoculated group, the cocoon weight remained consistently high (2.040 g), indicating the normal cocoon weight in the absence of bacterial infection. Contrary, in the infected groups, ampicillin @ 1000 ppm recorded the highest cocoon weight (1.773 g), followed by commercial chitosan @ 1000 ppm (1.701 g) and silkworm pupal chitosan @ 5000 ppm (1.640 g). Lower cocoon weights were observed in the solvent control (1.480 g) and absolute control (1.444 g) This highlights the efficacy of pupal chitosan and ampicillin in minimizing the impact of bacterial infections and supporting silkworm growth. Among chitosan treatments, chitosan @ 5000 ppm showed the best results, suggesting a dose-dependent improvement in cocoon weight. The reduced cocoon weight in absolute and solvent control groups emphasizes the severe impact of untreated bacterial infections on silkworm growth and development.
Time of chitosan application after bacterial inoculation (C) also had a significant effect on cocoon weight. The highest cocoon weights were observed at 6 hpi (1.706 g), while cocoon weights declined at delayed time of chitosan application after bacterial inoculation such as 18 hpi (1.633 g) and 24 hpi (1.633 g). The decline in cocoon weight at delayed time of chitosan application after bacterial inoculation (18 to 30 hpi) suggests that timely intervention is crucial for minimizing the adverse effects of bacterial infections. The highest cocoon weight recorded at chitosan application at 6 hpi indicates the benefit of early treatment application.






Table 5: Effect of chitosan application on cocoon weight (g) in silkworm infected with Staphylococcus aureus and Bacillus thuringiensis
	Treatments (B)
	Time of chitosan application following bacterial inoculation (hpi) (C)
	Bacterial strains (A) mean
	Treatments (B) mean

	
	6 hpi
	12 hpi
	18 hpi
	24 hpi
	30 hpi
	
	

	
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	Sa
	Bt
	

	S1: Chitosan @ 3500 ppm
	1.666
	1.585
	1.589
	1.551
	1.536
	1.507
	1.600
	1.560
	1.595
	1.443
	1.597
	1.529
	1.563

	S2: Chitosan @ 4000 ppm
	1.667
	1.637
	1.624
	1.595
	1.670
	1.468
	1.695
	1.560
	1.566
	1.441
	1.644
	1.540
	1.592

	S3: Chitosan @ 4500 ppm
	1.746
	1.659
	1.629
	1.560
	1.638
	1.546
	1.533
	1.502
	1.541
	1.529
	1.617
	1.559
	1.588

	S4: Chitosan @ 5000 ppm
	1.796
	1.686
	1.654
	1.608
	1.622
	1.602
	1.669
	1.565
	1.656
	1.545
	1.679
	1.601
	1.640

	S5: Ampicillin @ 1000 ppm
	1.916
	1.808
	1.851
	1.771
	1.794
	1.722
	1.810
	1.713
	1.688
	1.660
	1.812
	1.735
	1.773

	S6: Com. chitosan @ 1000 ppm
	1.791
	1.701
	1.818
	1.719
	1.772
	1.632
	1.709
	1.569
	1.658
	1.642
	1.750
	1.653
	1.701

	S7: Solvent control
	1.591
	1.481
	1.520
	1.455
	1.472
	1.452
	1.485
	1.450
	1.505
	1.386
	1.515
	1.445
	1.480

	S8: Absolute control
	1.466
	1.422
	1.466
	1.422
	1.466
	1.422
	1.466
	1.422
	1.466
	1.422
	1.466
	1.422
	1.444

	S9: Bacteria un-inoculated
	2.047
	2.034
	2.047
	2.034
	2.047
	2.034
	2.047
	2.034
	2.047
	2.034
	2.047
	2.034
	2.040

	Mean
	1.706
	1.662
	1.633
	1.633
	1.601
	1.681
	1.613
	

	Mean A, B, C
	1.647
	1.647
	1.647



	
	A
	B
	AB
	C
	AC
	BC
	ABC

	F-Test
	*
	*
	*
	*
	NS
	*
	*

	SEm ±
	0.0025
	0.0052
	0.0074
	0.0039
	-
	0.0117
	0.0166

	CD @ 5%
	0.0049
	0.0104
	0.0146
	0.0077
	-
	0.0232
	0.0328

	Note: * Significant; NS - Non-significant; A- Bacterial strains; B- Treatments; C- Hours of post inoculation (hpi); Sa- Staphylococcus aureus; Bt- Bacillus thuringiensis; Com.- Commercial chitosan
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The interactions between bacterial strains, treatments and time of chitosan application after bacterial inoculation significantly influenced cocoon weights. The interaction between bacterial strains and treatments (A×B) was significant, showing that cocoon weights varied depending on both the bacterial strain and the treatment applied. For example, ampicillin maintained higher cocoon weights for both strains compared to other treatments, while lower chitosan concentrations were less effective. In contrast, the interaction between bacterial strains and time of chitosan application after bacterial inoculation (A×C) was non-significant, indicating similar trends in weight reduction over time for both bacterial strains. However, the interaction between treatments and time of chitosan application after bacterial inoculation (B×C) was significant, revealing variations in the effectiveness of treatments at different times post-inoculation. Ampicillin and higher concentrations of chitosan consistently maintained higher weights across all time points, while lower doses of chitosan showed more pronounced reductions at later stages. Furthermore, the three-way interaction (A×B×C) was significant, demonstrating that cocoon weights were influenced by the combination of bacterial strain, treatment and time. For instance, ampicillin and high chitosan concentrations showed sustained weight maintenance for both bacterial strains across all time points, while solvent control and absolute controls consistently showed the lowest weights.
Among the interactions, highest cocoon weight (1.916 g) was observed in the treatment of ampicillin @ 1000 ppm applied 6 hours after the S. aureus inoculation. Among the chitosan concentrations, highest cocoon weight (1.796 g) was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the S. aureus inoculation followed by 1.746 g of cocoon weight was observed in the treatment of chitosan @ 4500 ppm applied 6 hours after the S. aureus inoculation and 1.686 g of cocoon weight was observed in the treatment of chitosan @ 5000 ppm applied 6 hours after the B. thuringiensis inoculation. Similarly, bacteria un-inoculated silkworms found with the highest cocoon weight of 2.047 g. Contrary, the least cocoon weight (1.422 g) was observed in the silkworms of absolute control with the B. thuringiensis inoculation.
Overall, the study highlights the superior efficacy of ampicillin and chitosan-based treatments in mitigating the negative effects of bacterial infections. Chitosan, particularly at higher concentrations, can serve as an effective and environmentally friendly alternative to antibiotics. Early chitosan application plays a critical role in ensuring optimal cocoon weight.
The improvement in the cocoon weight was found among the infected silkworms fed with the chitosan treatments because the positively charged amino groups of chitosan form a strong bond with the teichoic acids present in the bacterial cell membrane, inducing cell wall distortion and disruption. Consequently, this exposes the cell membrane to osmotic shock, triggering the leakage of cytoplasmic contents (Vishu Kumar et al., 2005). Furthermore, the binding of chitosan to teichoic acids, accompanied by the potential extraction of bacterial membrane lipids, ultimately culminates in bacterial death. This phenomenon was observed in the chitosan treated silkworm batches, leading to a significant enhancement of cocoon parameters compared to the absolute control and the solvent control among the batches treated with B. thuringiensis and S. aureus. Consequently, the highest concentration of chitosan (5000 ppm) yielded the most favourable economic parameters of mean cocoon weight (16.79 g) for silkworms infected with pathogens.
The present findings closely align with those of Priyadharshini et al. (2018), who reported the highest economic parameters for silkworms infected with both pathogens after treatment with 2.5 per cent chitosan (25,000 ppm). This treatment yielded the highest single cocoon weights (1.82 g for S. aureus and 1.62 g for B. thuringiensis). Manimegalai and Chandramohan (2008) obtained similar results, with single cocoon weights of 1.79 g using a 1000 ppm treatment of doxycycline hydrogen chloride (an antibiotic) for silkworms infected with B. thuringiensis. Priyadharshini et al. (2009) also found that treatment with botanicals, such as amla, yielded the best cocoon parameters for silkworms infected with Bacillus sp., with single cocoon weights of 1.76 g. 
Antibiotics not only prevent disease, but they also promote silkworm growth by reshaping the gut microbiome and enhancing nutrient absorption, highlighting the need for judicious use (Rittick et al., 2025). Chitosan and antibiotic treatments may similarly modulate silkworm health, yielding enhanced larval weight, cocoon weight and effective rate of rearing, while reducing mortality and disease incidence in treated, bacterially infected silkworms, underscoring the benefits of targeted interventions.
CONCLUSION 
In conclusion, this comprehensive in-vivo assessment clearly demonstrates that silkworm-pupal chitosan, especially at higher concentrations (≥ 4500 ppm), significantly mitigates the impact of Staphylococcus aureus and Bacillus thuringiensis infections in hybrid silkworms, performing comparably to conventional antibiotic treatment. Across all response variables larval weight, disease incidence, mortality, effective rate of rearing and cocoon weight, chitosan treatments exerted a dose-dependent protective effect. Notably, the most pronounced improvements were observed when chitosan was applied at 5000 ppm, 6 hours post-inoculation, which optimized larval weight (33.45 g/10 larvae), reduced disease incidence and mortality (24.5% and 26.4%, respectively), enhanced rearing success (73.6%) and delivered respectable cocoon weights (1.640 g), closely approaching outcomes seen with ampicillin at 1000 ppm. Timing of application emerged as another critical determinant of efficacy, early intervention (6 hours post-inoculation) consistently outperformed delayed treatments (18-30 hpi), underscoring the importance of promptly administering chitosan after bacterial challenge. Generally, batches inoculated with B. thuringiensis fared worse across all parameters compared to those infected with S. aureus, reflecting inherent differences in pathogen virulence and indicating that chitosan formulations may require further optimization against more aggressive pathogens. While ampicillin at 1000 ppm remained the most potent intervention overall, high-dose pupal chitosan, at typical dosages of 4500-5000 ppm, provided a promising eco-friendly alternative, offering substantial reductions in infection metrics and higher rearing efficiency without relying on synthetic antibiotics. These findings support the strategic use of chitosan as a natural antimicrobial treatment in sericulture, particularly when applied early and at optimized dosages, to foster healthier larval development and superior cocoon yield.
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Fig. 1: Application of the chitosan to the silkworms by leaf dip method; A - dipping of mulberry leaves in chitosan solution; B - Shade drying of treated mulberry leaves
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