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Abstract  
This study optimized Bacillus thuringiensis israelensis 

(Bti)-based biopesticide production using cost-effective 

substrates molasses, jaggery and sugarcane juice, in 

batch and fed-batch fermentations. Molasses was pre-

treated to hydrolyse sucrose into glucose and fructose 

using enzyme invertase, produced via solid-state 

fermentation using Aspergillus niger, enhancing 

substrate suitability. Bti growth was evaluated under 

varying substrate concentrations, aeration conditions 

and nutrient supplements. Fed-batch fermentation 

proved superior to batch fermentation, mitigating 

catabolite repression at high substrate concentrations 

and supporting enhanced growth and toxin production. 

Sugarcane juice at 10 g/L sugar concentration yielded 

the highest optical density (OD) in fed-batch mode. 

Calcium chloride supplementation (0.1%) further 

improved Bti biomass yield and sporulation.  

 

Larvicidal assays against Aedes aegypti larvae 

revealed 90% mortality rate for media supplemented 

with sugarcane juice and molasses under fed-batch 

conditions with calcium chloride while 70% mortality 

was observed in batch fermentation. These findings 

highlight fed-batch fermentation as an efficient 

strategy to maximize Bti productivity and bioactivity. 

The study emphasises on the economic viability of 

using sugarcane-derived substrates, leveraging India’s 

position as the second-largest sugarcane producer 

globally. By integrating low-cost substrates and 

optimized fermentation, this scalable approach offers a 

sustainable solution for mosquito control programs. 
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Introduction 
Mosquitoes (Diptera: Culicidae) are significant vectors of 

numerous diseases including malaria, dengue, chikungunya, 

filariasis, yellow fever and West Nile fever, posing a major 

global health threat. Effective vector control measures are 

crucial for disease prevention and often involve using insect 

growth regulators, microbial agents and organophosphates 

to target mosquito larvae. Additionally, tropical regions 

frequently employ strategies like insecticide-treated bed nets 

and indoor residual spraying to reduce mosquito-borne 

disease transmission13. However, the widespread use of 

these chemical interventions has led to resistance in several 

mosquito species, along with adverse effects on human 

health and the environment. To counter these challenges, 

environmentally sustainable control methods have been 

introduced4,5. One such solution is Bti, a subspecies of 

Bacillus thuringiensis, which has proven to be an effective 

biological control agent against dipteran larvae, offering a 

safer alternative to chemical insecticides21.  

 

Bti is an environmentally friendly, Gram-positive, spore-

forming bacterium recognized as one of the most effective 

biological agents for controlling disease-carrying vectors7. 

Bti produces crystalline parasporal bodies composed of 

protein protoxins known as δ-endotoxins. These crystals 

contain three primary antidipteran toxins: Cry4A, Cry4B 

and Cry11A, which act synergistically to enhance the overall 

toxicity of the crystals12,19,24. In addition to Cry toxins, Bti 

produces Cyt toxins, smaller polypeptides (25–28 kDa) that 

exhibit hemolytic and cytolytic activity in vitro and are 

highly specific to dipteran larvae in vivo. Cyt toxins have 

been categorized into several types including Cyt1 (formerly 

CytA), Cyt2 (formerly CytB), CytC and the newly proposed 

CytD23.  

 

Cyt1A is predominantly found in Bacillus thuringiensis 

israelensis and morrisoni PG1411, while Cyt2 is present in 

subspecies darmstadiensis and kyushuensis22. CytC is 

associated with subspecies fukuokaensis and CytD has been 

identified in subspecies jegathesan27. Although these Cyt 

toxins do not share sequence homology with Cry toxins, they 

both rely on a cytolytic mechanism involving colloid-

osmotic lysis, although their mechanisms of pore formation 

differ. Cyt1A and Cyt2A have been shown to form cation-

selective channels and exhibit broad cytolytic activity in 

vitro.  

 

However, their insect-specific activity in vivo likely depends 

on the presence of specific receptors in target larvae. This 

receptor-mediated interaction could explain the high 

specificity of Cyt toxins for dipteran species, making Bti a 

highly selective and potent biological control agent20. 

 

Sugarcane juice is primarily composed of sucrose, 

accounting for approximately 66% of the total metabolites 

in sugarcane juice. It also contains phenolic compounds, 

organic acids, sterols, amino acids etc.25 Molasses, a by-

product of sugarcane processing, is more concentrated in 

certain nutrients like carbohydrate mainly sucrose with 

glucose and fructose. It has minerals like potassium, 

calcium, magnesium and proteins2. Jaggery, a non-
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centrifugal sugar made from sugarcane or palm sap, is rich 

in nutrients and bioactive compounds.  

 

Jaggery contains about 70-85% sucrose, making it a natural 

sweetener with a lower glycaemic index than refined sugar. 

It also has small amounts of glucose and fructose. It is a 

significant source of iron, calcium, magnesium and 

potassium. Jaggery retains polyphenols like 

hydroxycinnamic and gentisic acids, which contribute to its 

antioxidant properties. These compounds have anti-

inflammatory and protective health effects. Good-quality 

jaggery has low moisture content (1-2%), which helps in 

prolonged storage6.   

 

India, as the second-largest producer of sugarcane, generates 

abundant and cost-effective by-products like molasses and 

jaggery, making them ideal carbon sources for industrial-

scale Bti production. Utilizing these sugarcane derivatives 

reduces reliance on expensive synthetic substrates, lowering 

production costs and enabling the development of affordable 

biopesticides. Their local availability minimizes 

transportation costs and enhances economic feasibility, 

while repurposing agro-industrial by-products supports rural 

economies, fosters a circular economy and reduces 

environmental waste. This study underscores the dual 

benefits of sugarcane derivatives: improved biopesticide 

efficacy and significant economic advantages. Integrating 

these substrates into industrial fermentation processes could 

transform sustainable pest control practices in India and 

similar agricultural economies. 

 

Material and Methods 
Sample collection: Molasses, jaggery and sugarcane juice 

were purchased for the current study from The Corporative 

Sugars Ltd. in Chittur, Palakkad. Bti was obtained from the 

Institute of Microbial Technology in Chandigarh, India 

(MTCC 869). Other chemicals were purchased from Merck, 

Himedia and Sigma. 

 

Preparation of inoculum: The standard protocol was 

followed when preparing the inoculum. To prepare the 

inoculum, the frozen culture of Bti was thawed in a water 

bath set at 30ºC. 1 ml of the preculture was inoculated to 50 

ml of nutrient broth and cultivated for 24 hours at 300C till 

the optical density reaches 2.5-3 at 600 nm. The culture was 

then centrifuged at 10ºC at 5000 rpm for 30 minutes. 

Following that nutrient broth was used to dilute the pellet 

until its concentration was approximately 108 CFU/ml. This 

culture was further used as inoculum for basal medium8.  

 

Pre-treatment of molasses: Aspergillus niger was utilized 

to produce invertase enzyme, which hydrolyses sucrose in 

molasses into glucose and fructose, enhancing its uptake by 

bacteria. Solid-state fermentation was employed for 

invertase production, using a mixture of rice bran and rice 

husk in 1:4 ratio and then soaked in water for 12 hours. After 

draining the excess water, the mixture was combined with 5 

mL of molasses and transferred to Petri plates, which were 

then sterilized at 121°C for 20 minutes. Once cooled, the 

plates were inoculated with a pure culture of Aspergillus 

niger at 10³ spores/mL and incubated at 32°C for 5 days.  

 

The grown material was subsequently pressed to extract the 

crude enzyme. 5 mL portion of the enzyme extract was 

mixed with 95 mL of molasses, thoroughly combined and 

left at room temperature for 2 hours. The resulting pre-

treated molasses was then utilized in subsequent 

experiments9. 

     

Fermentation of Bti using various substrates: Bti was 

cultivated using specialized medium formulations 

containing various carbon sources through both batch and 

fixed volume fed-batch fermentation. The carbon sources 

tested were glucose, sucrose, fructose, lactose, sugarcane 

(Saccharum officinarum) juice, pre-treated molasses 

(Saccharum officinarum molasses (SOM)) and jaggery. In 

this study, the basal medium was supplemented with various 

carbon sources to achieve a carbon concentration of 10 g/L. 

The pH of the media was initially adjusted to 7.2 and 

sterilized by autoclaving at 121°C (15 psi) for 15 minutes. 

After cooling, 0.1 mL of Bti preculture was used to inoculate 

the media. In fed-batch fermentation, 25 mL of sterile media 

with 2g/L sugar concentration was added every 12 hours 

post-inoculation. This process was repeated four more times 

using the carbon additive, gradually increasing the sugar 

concentration to 10g/L. OD at 600 nm was measured after 

48 hours of aeration16.  

 

For batch fermentation, sugar concentration was initially 

kept to 10 g/L. Experiments were conducted to evaluate the 

effects of variable timing for substrate addition, aeration and 

calcium chloride enriched media. For variable timing of 

substrate addition, the substrate was introduced at intervals 

of 3, 6 and 9 hours after the initial addition, resulting in a 

final concentration of 10 g/L. To assess the influence of 

calcium chloride on Bti growth, 0.1% calcium chloride was 

added to the medium, with a control setup maintained 

without calcium chloride. The effect of aeration was studied 

by introducing air into the medium using an aerator, while a 

separate control experiment was conducted under agitation 

in a shaker.  

 

Toxicity assay: Larvae were collected from the 

Departmental Garden of the University of Calicut's 

Department of Biotechnology and identified by Dr. Raghu, 

Assistant Director at the Center for Disease Control, Kallayi, 

as Aedes aegypti. The larvae were kept in plastic containers 

with tap water. Test setups were conducted in Petri plates 

following a slightly modified version of the standard WHO 

methodology for time-dependent testing. Each experiment 

included three replicates and a control, with dechlorinated 

tap water used as the control. The bioassay involved 

collecting a 100 ml sample post-fermentation, which was 
centrifuged at 8000 rpm for 15 minutes. The resulting pellets 

were lyophilized and the lyophilized Bti powder was 

dissolved in distilled water to achieve a final concentration 
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of 15 ppm10. Twenty third-instar larvae were then introduced 

into a Petri plate containing 90 ml of water and 10 ml of the 

prepared test solution. Larvae were considered dead if they 

remained motionless after probing the siphon or cervical 

region with a needle. Experiments were carried out in a 

laboratory setting at 25–30°C and 80–90% relative 

humidity. Mortality rates were recorded as an average of 

three replicate17. 

 

Results and Discussion 
The success of industrial fermentation largely depends on 

choosing an appropriate medium and fermentation mode. 

Since both the fermentation medium and microbial cells 

predominantly consist of carbon, the choice of carbon 

sources plays a pivotal role in determining the overall 

production cost. A significant portion of the total expenses 

in industrial fermentation can be attributed to the cost of the 

production medium14,26. As the concentration of the carbon 

source rises, Bti experiences catabolite repression, as 

depicted in figure 1. Fed-batch processes gradually supply 

glucose, preventing its accumulation to inhibitory levels and 

supporting balanced growth and toxin production. Among 

all the tested carbon sources, the highest growth was 

observed at a 5% carbon concentration in batch 

fermentation3.  
 

     
            (a)                                                                                    (b) 

Figure 1: Investigation on the catabolite repression using different carbon sources as substrates using (a) batch 

fermentation (b) fixed volume fed batch fermentation. This graph shows the effect of different pure carbon sources 

(Glucose, Sucrose, Fructose and Lactose) on bacterial growth, measured at 600 nm. In batch fermentation, highest 

absorption was reported at 5g/L carbon source. While in fed batch fermentation highest absorbance was at 10g/L. 
 

 
Figure 2: Comparison of growth using different carbon substrates (Fructose, Glucose, Jaggery, Lactose,  

Pre-treated Molasses, Sucrose, Sugarcane Juice) under two fermentation methods (Batch and Fed-Batch).  

Here, carbon concentration used was 10g/L. 
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In this study, fixed volume fed-batch fermentation was 

employed due to its economic advantages compared to batch 

fermentation. Additionally, we explored the potential of 

producing Bti using sugarcane and its related products. 

Figure 1 illustrates the growth of Bti under fed-batch and 

batch fermentation conditions. Fixed-volume fed-batch 

fermentation yielded higher biomass compared to batch 

fermentation. This increase in biomass is attributed to the 

distinctive operational method of fed-batch fermentation 

which alleviates the stress on microbial cells caused by 

excessive substrate concentrations and the accumulation of 

toxic metabolites. In this study, 10g/L sugar concentration 

was used as the substrate. While batch fermentation 

exhibited catabolite repression at this high sugar level, fed-

batch fermentation facilitated improved growth15. 

 

Figure 2 clearly shows that fed-batch fermentation exceeds 

batch fermentation for all tested substrates. This is especially 

evident with jaggery and pre-treated molasses which yielded 

the highest absorbance values under fed-batch conditions. 

Consistently, fed-batch produced higher biomass or product 

compared to batch fermentation across all substrates. By 

incrementally feeding substrates at fixed intervals in a fixed-

volume fed-batch setup, we observed rapid Bti growth. 

Considering India's significant sugarcane production, this 

approach holds substantial economic potential. By 

optimizing the fermentation process, higher yields of 

valuable products can be achieved, leading to increased 

economic benefits. This approach can contribute to the 

sustainable and efficient utilization of agricultural resources.  

 

A comparative analysis of fixed-volume fed-batch and batch 

fermentation under various conditions revealed that the 

highest growth of Bacillus thuringiensis israelensis (Bti) 
occurred when calcium chloride was incorporated into the 

medium (figure 3). 0.1% calcium chloride plays a vital role 

in stabilizing cell membranes, enhancing sporulation and 

supporting enzyme activity, which are essential for optimal 

microbial growth and productivity. The fed-batch system 

maximized these benefits by ensuring a controlled, 

continuous supply of calcium ions and other nutrients, 

preventing nutrient depletion and minimizing the 

accumulation of toxic by-products. In contrast, batch 

fermentation showed limited growth under the same 

conditions, likely due to the rapid exhaustion of nutrients and 

metabolic stress, emphasizing the superiority of fed-batch 

fermentation for enhancing Bti production. 

 

After a 48-hour exposure period, the third instar Aedes 

aegypti larvae showed a moderate level of harmful effects 

across all the media formulations tested. Figure 4 compares 

the mortality rates of a target organism under two 

fermentation types: batch fermentation and fed-batch 

fermentation across seven different substrates (glucose, 

sucrose, fructose, lactose, sugarcane juice, molasses and 

jaggery). Fed-batch fermentation consistently shows higher 

mortality rates compared to batch fermentation for all 

substrates. Substrates such as sugarcane juice, molasses and 

jaggery demonstrate the highest mortality rates in both 

fermentation types.  

 

Figure 5 suggests that the presence of calcium chloride in the 

medium enhanced the effectiveness of Bti in killing the 

larvae. Upon closer examination, it was observed that all the 

larvae exposed to the Bti-treated medium were dead after the 

48-hour period, indicating the strong toxicity of the 

fermented medium containing calcium chloride. This 

highlights the potential of calcium chloride supplementation 

in improving the efficacy of Bti as a biopesticide for 

controlling mosquito larvae1. 

 

Figure 5 illustrates the mortality rate of a target organism 

under three experimental conditions: variable time interval, 

aeration and calcium chloride. Among these, the highest 

mortality rate (80%) is observed under the calcium chloride 

condition, indicating its greater effectiveness.

 

 
Figure 3: Fixed volume fed batch and batch fermentation under various conditions are compared. Here, maximum 

growth was found in Bti grown along calcium chloride. 
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Figure 4: Larvicidal assay employing medium supplemented with different substrates after 48 hours under two 

different fermentation types. Highest mortality was obtained was found in Bti grown in media supplemented with 

sugarcane juice. This suggests that fed-batch fermentation may be more effective in achieving higher mortality rates. 

 

 
Figure 5: Fixed volume fed batch fermentation utilizing media supplemented with various experimental conditions 

like aeration, 0.1% calcium chloride and variable time interval using jaggery as carbon source. The Bti that was 

cultivated with calcium chloride displayed the highest percentage mortality. 

 

The aeration condition shows the lowest mortality rate 

(70%), while the variable time interval condition results in a 

slightly higher rate (75%). This figure highlights the 

significant impact of experimental conditions on the 

mortality rate with calcium chloride emerging as the most 

effective variable18. 

 

Conclusion 
The present study aimed to optimize the production of 

Bacillus thuringiensis israelensis (Bti) through fermentation 

using different substrates with the goal of enhancing its 

larvicidal activity against Aedes aegypti larvae. The results 

demonstrated that fixed-volume fed-batch fermentation 

significantly outperformed batch fermentation in terms of 

biomass production. This was particularly evident when 

calcium chloride was included in the medium, as it helped to 

stabilize cell membranes, enhance sporulation and support 

enzyme activity which are critical for optimal microbial 

growth and toxin production.  

 

When Bti was cultivated using various substrates, pre-treated 

molasses emerged as the most effective, showing the highest 

mortality rate in the larvicidal assay. In the experiment, Bti 

cultivated using pre-treated molasses resulted in a 

substantially higher percentage of larval mortality compared 
to other substrates including jaggery, sugarcane juice and 

untreated molasses. The pre-treatment of molasses, which 

involved enzymatic hydrolysis of sucrose into glucose and 
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fructose enhanced the substrate’s nutritional profile, making 

it more suitable for Bti growth and toxin production. 

 

Furthermore, the results from larvicidal assays confirmed 

that the presence of calcium chloride in the fermentation 

medium further improved the efficacy of Bti as a 

biopesticide. After 48 hours of exposure, larvae treated with 

Bti grown in calcium chloride-supplemented media showed 

the highest mortality rate, indicating the synergistic effect of 

calcium chloride in promoting larvicidal activity. In addition 

to pre-treated molasses, other sugarcane-based by-products, 

such as sugarcane juice and jaggery, also showed potential 

as substrates for Bti cultivation, making them viable 

alternatives for large-scale production.  

 

The use of these industrial by-products as low-cost 

substrates not only supports the sustainable production of Bti 

but also offers an economically viable solution for 

biopesticide development. Overall, the study underscores 

the importance of optimizing both the fermentation process 

and substrate selection to maximize the productivity and 

efficacy of Bti. The combination of fixed-volume fed-batch 

fermentation, calcium chloride and pretreated molasses 

provides a cost-effective and environmentally friendly 

approach for producing highly effective Bti-based 

biopesticides for mosquito control. 
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