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ABSTRACT  

The current heavy reliance on fish meal (FM) in aquatic feed poses significant 

sustainability challenges. These ingredients are derived from wild stocks of marine forage fish 

and have traditionally been essential due to their complete nutritional profiles and wide 

availability. However, the increasing demand for seafood has driven up the cost of these feed 

components. With costs escalating due to increased demand and depleted fisheries, the urgency 

to find sustainable alternatives to FM as a primary protein source becomes more apparent. Over 

the past three decades, aquaculture has been the fastest-growing sector in global food production, 

further emphasizing the need for such alternatives. One promising source of proteins to replace 

costly and unsustainable FMs is the larvae of black soldier flies (Hermetia illucens; BSFL). This 

insect has received significant attention because its adults are not pests, and very dense larvae 

biomass can be produced on a large scale using organic wastes with relative ease. The main 

problem with using these highly nutritious insects is that their fat and chitin contents are as high 

as 58% and 9%, respectively. These properties negatively affect meal digestibility, trigger 

undesirable immune responses, cause liver damage, and alter microbiota in the fish; this prevents 

the incorporation of high proportions of the BSFLMs in aquaculture feeds.   

This study focuses on developing a sustainable microbial defatting process, instead of 

relying on costly mechanical and harmful chemical solvent extraction, to remove excess fat from 

the BSFLM. The solution to this problem is a simple solid-state fermentation process (SSF) 

process with the use of a filamentous fungus, Aspergillus oryzae, also known as “koji”. It is 

hypothesized that the enormous enzyme-producing capacity of this edible microbe can be 

exploited to upgrade BSFLM’s nutritional value in a straightforward and scalable process. Our 

study showed that koji can grow using BSFL fat as the sole carbon source in a minimal salt 
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medium in liquid culture. We further demonstrated that SSF of BSFLMs with koji fungus is 

feasible, and it leads to significantly reduced overall fat content and increased protein content in 

the koji-fermented BSFLM. In this study, we validated and quantified the extent to which fat 

levels can be reduced and identified the optimal conditions for this low-cost microbial defatting 

process. Additionally, a simple SSF bioreactor system was developed to monitor and control the 

environment in which these fermentations were conducted. The system consists of autoclavable 

1-liter polypropylene jars loaded with BSFLMs and inoculated with koji spores. They were 

incubated within an industrial proofer retrofitted to control temperature and humidity level of the 

fungal culture during SSF. An IR-based carbon dioxide gas sensor was incorporated into the 

fermentation jar to allow online monitoring of culture CO2 evolution rate, which was evaluated 

in this study and found to be suitable for indirect prediction of fungal growth during SSF of the 

BSFLM. Over 3 kg of fermented BSFLMs were successfully produced using the SSF system for 

use in a 12-week feed trial with tilapia hybrids (O. niloticus X O. mossambicus). From the tilapia 

feeding trial, the fermented (microbially defatted) BSFLM was found to be able to replace up to 

half of the fishmeal in feed formulations, potentially lowering production costs in feed 

manufacturing, and opening opportunities for the local production of a high-quality protein 

ingredient. 

In conclusion, the innovative approach of utilizing SSF with koji to defat and enhance the 

nutritional value of BSFLM presents a promising solution to the challenges posed by the heavy 

reliance on FM in aquatic feed.  
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CHAPTER 1  

INTRODUCTION 

1.1 Significance of aquaculture 

Aquaculture, the cultivation of aquatic organisms such as fish, crustaceans, and mollusks, 

has become a cornerstone of global food production, now providing more than half of the 

seafood consumed worldwide. As traditional fisheries face critical challenges from overfishing, 

habitat degradation, and climate change, aquaculture offers a sustainable means of meeting the 

growing demand for high-quality seafood. This sector not only contributes to food security but 

also bolsters economic livelihoods, particularly in rural and coastal areas where it supports local 

economies. 

To promote sustainable aquaculture growth, feed solutions must balance nutritional 

value, cost-effectiveness, and environmental impact. Effective alternatives to traditional feed 

ingredients need to meet the dietary requirements of farmed fish while reducing reliance on wild-

caught fish stocks. Addressing these challenges is essential for advancing aquaculture as a long-

term solution for global food security. 

 

1.2 Needs for more sustainable protein sources in aquatic feed 

The growing demand for aquaculture emphasizes the immediate need to develop 

affordable and environmentally friendly feed options. The current heavy reliance on fish meal 

(FM) in aquatic feed poses significant sustainability challenges. Costs are rising due to 

increasing demand and depleted fisheries, further compounded by the fact that approximately 

70% of the global forage fish catch is diverted to fish feed production instead of direct 

consumption. Over the past three decades, aquaculture has been the fastest-growing sector in 
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global food production, with an average annual growth rate of 6.7% [1]. This substantial growth 

underscores the necessity to seek sustainable and cost-effective alternatives to replace fish meal 

and fish oil (FMFO) as primary protein and fat sources in aquatic feed [2].  

Investigation into protein sources for aquafeeds encompasses a range of options, 

including plant-based alternatives like soy and corn, animal-derived products such as feather 

meal, blood meal, and poultry by-product meal, as well as the utilization of insect-derived 

products [1]. Insect meals have been demonstrated to enhance protein and polyunsaturated fatty 

acid (PUFA) intake and serve as a natural food source for salmonids and other fish, presenting 

them as viable substitutes for FM [1].  

 

1.3 BSFL as an aquaculture feed 

Aquafeeds should be nutritionally beneficial and economically viable food for aquatic 

organisms while also promoting environmental sustainability. In this context, numerous studies 

have explored the potential of black soldier fly larvae (BSFL) as a substitute for FMFO in 

aquafeeds. BSFL is widely acknowledged as an excellent feed source in the animal and 

aquaculture industry, and it is among the few insect species approved for use in aquaculture 

feeds in the European Union [1]. BSFL composition varies depending on the feeding materials, 

with the pupal stage representing the peak nutritional value, containing up to 46% crude protein 

[4], 58% crude fat [31], and an amino acid profile similar to FM.  

The implementation of BSFL as fish feed has been explored before. Table 1.1 illustrates 

various investigations into the utilization of BSFL as a substitute for FM in the diets of different 

fish species. Incorporating BSFL as a complete replacement for FM poses significant challenges. 

BSFLM is abundant in saturated fatty acids such as lauric acid, myristic acid, and palmitic acid 
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[5]; however, excessively high levels of saturated fatty acids can negatively impact fish health by 

impairing digestion, growth, and overall metabolism. Also, elevated chitin levels in BSFL can 

impede the absorption of protein and lipids and disrupt gut health in fish [6, 11]. It is noted that 

the high levels of BSFL inclusion may trigger stress responses in fish, impacting growth and 

immune functions negatively [8].  

While achieving a 100% replacement of fishmeal with BSFL is often considered 

impractical due to nutritional constraints, inherent variability, and potential negative effects on 

fish health, a study by Tippayadara et al. on Nile tilapia managed to achieve complete 

replacement of FM with BSFL with minimal processing, and without encountering any adverse 

side effects [13]. The fish effectively digested the BSFL without compromising growth 

performance, feed utilization efficiency, or survival rates. Instead, the BSFL-fed fish exhibited 

enhanced immune responses, with improved skin mucus lysozyme and peroxidase activities [13]. 

The successful 100% replacement of FM with BSFL was attributed to its rich nutritional 

composition and immune-boosting properties. The tilapia's ability to digest chitin due to 

chitinolytic enzymes further supported the positive outcomes, making BSFL a viable and 

sustainable alternative to FMs. However, further research is essential to determine the broader 

applicability of this success to other fish species and achieve higher levels of BSFL substitution 

in aquaculture feeds. 
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Table 1.1 A summary of representative fish trial studies using feeds containing BSFL 

Type of Fish BSFL 

Inclusion 

Preparation Method Ref. 

# 

Meagre (Argyrosomus 

regius) 

10% BSFL supplied by a European insect 

producing industry. Diets were supplemented 

with dibasic calcium phosphate. All dietary 

ingredients were finely ground, and blended, 

then dry-pelleted using a laboratory pellet mill 

with a 2 mm die. The pellets were then dried 

in an oven at 40°C for 24 hours and stored in 

airtight bags at −20°C until required.  

[16] 

Rainbow Trout 

(Oncorhynchus mykiss) 

15% BSFL provided by MUTATEC (Caumont-sur-

Durance, France). The larvae raised on plant 

by-products were partially defatted using a 

mechanical process that involved cutting the 

frozen larvae and then pressing them to enable 

the leakage of intracellular fat.  

[8] 

Gilthead Seabream 

(Sparus aurata) 

15% BSFL in the larval stage were sourced from 

Hermetia Bartuh GmbH, Germany. All 

ingredients were finely milled, blended, and 

then dry-pelleted using a laboratory pellet mill 

with a 3 mm die. The pellets were 

subsequently dried in an oven at 55°C for 24 

hours and stored at −20°C until needed. 

[14] 

African Catfish (Clarias 

gariepinus)  

25% BSFL sourced from the JOOUST Insectary 

and were stored in bags at room temperature 

until time of use. They mention a substantial 

increase observed of chitin with BSFL 

inclusion in diets.  

[15] 

Siberian Sturgeon 

(Acipenser baerii) 

30% This study used full-fat black soldier fly larvae 

meal in the prepupal stage. BSFL were dried 

at 130°C for 1 hour and then at 80°C for 23 

hours until a constant weight was reached, 

using a chamber air flow dryer. They were 

then stored at 4°C before being used for feed 

preparation.  

[12] 

Yellow Catfish 

(Pelteobagrus 

fulvidraco)  

48% At pre-pupae stage BSFL were washed with 

distilled water, dried at 50°C for 2-3 days until 

their weight stabilized, and then grounded. 

With a micro mill and stored at 4°C until use.  

[9] 
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Catfish (Clarias sp.) 50% BSFL were washed to remove dirt, steamed 

for 15 minutes, and oven-dried at 100 °C for 

45 minutes. The dried larvae were then 

pulverized using a grinder.  

[7] 

Japanese Sea Bass 

(Lateolabrax japonicus)  

64% BSFL in larval stage were sourced from 

Guangzhou Fishtech Biotechnology Co., Ltd. 

in Guangzhou, China. BSFL were defatted 

using a mechanical press. 

[10] 

Thai Climbing Perch  

(Anabas testudineus) 

75% BSFL reared on the waste streams of organic 

human food were used. They were cleaned 

with distilled water, dried at 50°C for 48-72 

hours until a stable weight, then ground with a 

micro mill and stored at 4°C until use. 

Decreased growth performance, feed 

utilization and digestibility of nutrients  

resulted from the high chitin content.  

[11] 

Nile Tilapia 

(Oreochromis niloticus) 

100% BSFL were dried in an oven at 50°C for 24 

hours, then ground into a fine powder and 

stored at 4°C for further use.  

[13] 

Pangasius 

(Pangasianodon 

hypophthalmus) 

100% BSFL in 5th instar developmental stage were 

sourced from Bheema Environment 

Technology, Thiruvananthapuram, Kerala, 

India. BSFL were cleaned with distilled water, 

minced, and mixed with a 4% solution of 98% 

formic acid. After a week of fermentation at 

room temperature, the product was dehydrated 

at 60°C for 6-8 hours until the smell of formic 

acid dissipated. The fermented BSFL silage 

was then powdered and stored for further use.  

[17] 

 

1.4 Biology of BSFL 

BSFL are a globally distributed insect species, originally found in the Americas [18]. 

With a size ranging from 13 to 20 mm, this fly completes its entire life cycle in a relatively short 

period of 45 days [19]. The life cycle of the black soldier fly (BSF) consists of four stages: egg, 

larva, pre-pupa, and adult fly. The eggs hatch after a 4-day incubation period, and the larvae, 
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known as BSFL, feed continuously for approximately 18 days. Following larval development, 

they enter a 14-day pre-pupal stage before emerging as fully-grown adult flies [20]. 

During their larval stage, BSFL consumes organic matter throughout their growth until 

they reach the pre-pupa stage, where they stop feeding and migrate to cool, dark, and dry 

substrates to pupate. This migration behavior is often exploited by farmers and composters to 

easily harvest mature larvae for various applications, including animal feed production [21]. 

BSFL has demonstrated its ability to efficiently convert unfiltered organic materials such as 

animal manure, food waste, and decaying fruits and vegetables into high-quality protein. This 

characteristic makes them a promising solution for reducing and managing organic waste while 

simultaneously generating valuable resources [22]. 

Analyzing the nutritional composition of BSFL at different stages of development, it is 

observed that the crude fat content increases significantly from approximately 4 to 14 days into 

larval development [4] with variations ranging from  7 to 39% in dry mass [23]. In contrast, the 

crude protein content exhibits a decreasing trend during this period. At the early pre-pupa stage, 

the crude protein content reaches 46.2%, but by day 12 of the same phase, it decreases to a 

minimum level of 38%. There is a noticeable decline in crude fat content from the early pre-pupa 

stage to the late pupal stage, while the crude protein content in the postmortem adult stage 

reaches a maximum value of 57.6%, with a crude fat level of 21.6% [4].  

It is also important to note that BSFL prepupae contain approximately 1 to 9% chitin on a 

dry matter (DM) basis [24]. The chitin content in adult BSFL is typically higher, ranging from 

5% to 10% of dry mass, compared to earlier developmental stages. This increase is attributed to 

the metamorphic process, during which the larvae undergo structural changes, including the 

development of wings and reproductive organs. The adult exoskeleton, which is primarily 



7 
 

composed of chitin, requires a higher concentration of this polysaccharide for support and 

protection. 

 

 

Figure 1.1 Life cycle and life stages of BSFL [19]  

 

1.5 Large-scale rearing of BSFL  

Another pressing issue in the United States is the significant amount of food waste 

generated annually. In 2019, it was estimated that 66 million tons of food waste were generated. 

This food waste comprises approximately 24% of municipal solid waste and contributes to the 

production of methane, a potent greenhouse gas with detrimental effects on climate change [25]. 

Insect bioconversion is a novel approach that offers a solution by utilizing insects to feed on food 

waste and mitigate greenhouse gas emissions [26]. Industrial insect rearing, also known as insect 
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farming, has shown promising results in efficiently converting food waste into high-protein feed, 

human food, and fertilizer, thus reducing environmental impact [27]. 

BSFL are voracious eaters and possess the ability to convert a wide variety of organic 

materials into valuable biomass while filtering out toxins, pathogens, and heavy metals. BSFL 

also exhibit superior protein and calcium profiles compared to other insects. Their ability to 

effectively treat food waste makes them an asset in addressing environmental problems 

associated with current disposal methods like landfills and incineration. Moreover, BSFL are not 

considered pests, and their larvae can be produced in large quantities, making them a promising 

candidate [28]. The growing demand for BSFL as a sustainable solution for waste management 

and protein production has led to the development of large-scale rearing systems. These systems 

focus on optimizing environmental conditions, substrate composition, and feeding regimes to 

achieve high biomass yields [29]. 

With these large-scale rearing systems in place, producing BSFL becomes both easy and 

environmentally beneficial. This paves the way for their widespread utilization as a sustainable 

alternative in aquafeed production. By repurposing food waste into nutritious BSFL-based 

aquafeed, we not only address environmental challenges but also contribute to the circular 

economy. 

 

1.6 Current limitations of using BSFL as an alternative protein source in aquatic feeds 

Many studies have highlighted BSFL as a promising nutritional source for inclusion in 

aquafeed due to its high digestibility in feed trials [1]. BSFLM boasts a substantial protein 

content ranging from 30 to 58%, exhibiting a similar amino acid profile to FM and offering a 

potential lipid source, contingent upon the larvae's diet [1]. The similarity between BSFL and 
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FM amino acid profiles suggests that BSFLM is a more suitable replacement for FM than widely 

used plant-based alternatives, such as soybean meal, particularly concerning gut health issues. 

Studies have observed reduced enterocyte hyper-vacuolization in the intestines of salmon-fed 

insect meal compared to those fed a control diet containing soy protein concentrate [1]. 

Despite its advantages, the high-fat content of BSFL poses challenges to fish health and 

growth. To mitigate these issues, defatting BSFL prior to its inclusion in fish diets has become a 

common practice [14], yielding several benefits for fish health and feed efficiency. Removing 

excess fat enhances the digestibility and nutritional balance of the larvae, making them suitable 

for a broader range of fish species. Elevated dietary fat levels can overwhelm the digestive 

systems of certain fish, leading to reduced feed intake, as well as inflammation and impaired 

function of organs such as the liver and pancreas [30]. Furthermore, excessive fat content may 

result in lipid accumulation in fish tissues [31], leading to fatty liver syndrome—a condition that 

adversely affects fish performance, reduces disease resistance, and diminishes the quality of fish 

as a food source for consumers. 

Defatting BSFL may also contribute to alleviating stress in fish by enhancing digestive 

comfort and lowering the risk of digestive disorders. However, the precise relationship between 

defatted BSFL and fish stress requires further investigation to better understand its impact on fish 

health and performance. 

 

1.7 Defatting of BSFL 

BSFL can be processed into feed ingredients through various methods, with the most 

common being as a dried meal, either partially defatted or full fat [1]. Drying enhances storage 

potential and is typically done in ovens, where the larvae are exposed to controlled temperatures 
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to remove moisture and preserve the product. Partial mechanical defatting, using methods such 

as oil pressing or centrifugation, is a common practice. In oil pressing, the larvae are 

mechanically squeezed to extract the fat, leaving behind a high-protein, low-fat residue. 

Centrifugation involves spinning the larvae at high speeds, causing the fat to separate from the 

solid material due to centrifugal force [2]. Supercritical defatting of BSFL is another possible 

defatting method. It involves the use of supercritical fluids, typically CO2, to extract lipids from 

the larvae. Supercritical defatting is advantageous due to its efficiency, selectivity, and ability to 

preserve the nutritional value of the remaining biomass [32]. However, it is costly because it 

requires specialized high-pressure equipment and consumes significant energy to maintain CO2 

at supercritical conditions, making it less popular than traditional methods such as oil pressing 

and centrifugation. Several studies have also aimed to lower the fat content in BSFL through 

control of their diets. While these approaches were moderately successful in lowering fat levels 

[32], they may limit the larvae's use as waste remediators. 

 

1.7.1 Fungal defatting of BSFL 

Fungal defatting is an alternative method for processing BSFL that presents distinct 

advantages over mechanical approaches, particularly in terms of energy efficiency and moisture 

removal. Unlike mechanical methods such as oil pressing or centrifugation, which often require 

significant energy input, fungal defatting harnesses the natural enzymatic activity of 

microorganisms to break down fats within the BSFLM. This enzymatic process not only reduces 

the need for external energy sources but also allows for the gradual removal of moisture as a 

byproduct, contributing to the overall efficiency of the process. Fugal defatting may also 

improve the nutritional profile of the BSFLM, enhancing its suitability for aquafeed by 
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preserving or even improving the bioavailability of nutrients. In contrast, mechanical and 

chemical methods may result in nutrient loss or degradation due to excessive heat or chemical 

reactions.  

In comparing the economic implications of fungal defatting versus mechanical methods, 

it's essential to consider factors such as equipment costs, energy consumption, and product 

quality. While mechanical methods may offer more straightforward processing techniques, they 

often rely on high-pressure equipment and may require additional steps to achieve desired fat and 

moisture levels in the final product. Overall, fungal defatting, although requiring initial setup for 

fermentation and monitoring, can provide a more sustainable and cost-effective solution for the 

long term and has the potential for large-scale BSFL processing.  

 

1.8 Aspergillus oryzae fermentation for microbial defatting of BSFL  

Addressing the challenge posed by the high-fat content in BSFL when used in 

aquaculture feeds requires innovative solutions. This study explores a promising solution through 

the application of SSF utilizing a strain of Aspergillus oryzae, commonly known as the koji 

fungus. This method not only tackles the defatting of BSFL but also aims to improve its 

nutritional value. A. oryzae has many specific enzymatic capabilities for further enhancing the 

nutritional composition and digestibility of BSFL.  

A. oryzae has been traditionally used in various Asian food fermentations, including sake, 

shochu, soy sauce, and miso [33, 34 , 35]. These fermentation processes have been practiced for 

thousands of years in Asian countries, with origins believed to date back to China around 3000-

2000 years ago [35]. In America, A. oryzae is generally recognized as safe (GRAS) by the 

United States Food and Drug Administration (FDA) and approximately two-thirds of bread 
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production utilizes A. oryzae protease to release amino acids and peptides for yeast growth and 

gas production [34]. Solid-state cultivation of A. oryzae plays a crucial role in stimulating the 

production of hydrolytic enzymes responsible for breaking down macromolecules in traditional 

fermented foods, showcasing its enzymatic ability. 

During this proposed fermentation process, the koji fungus would secrete enzymes that 

target the fats within BSFL [34]. These enzymes will break down the triglycerides in BSFL, 

which are the main storage form of fat, into simpler fatty acids and glycerol. This enzymatic 

activity results in the release of lipases, which play a key role in fat hydrolysis. It may also 

increase protein content through the production of single-cell protein (SCP). SCP-based protein 

meals offer a potential solution by overcoming the limitations of plant-based ingredients and 

reducing reliance on FM proteins in aquafeeds and terrestrial animal feeds. 

The growth of koji is dependent on specific temperature and moisture conditions. 

Extensive studies have revealed that A. oryzae is highly sensitive to temperature, thriving within 

the optimal range of 30-35°C (±1 °C), while growth is inhibited above 44 °C [37]. The fungus 

exhibits its most robust growth within a pH range of 5-6, with germination occurring within a pH 

range of 2-8 [33]. It has been observed that A. oryzae can grow in corn flour containing 

approximately 16% water content. It can also flourish in media with a water activity (aw) 

exceeding 0.8 [33], although its growth is infrequent below this threshold. 

Fungi, including the widely used microorganism A. oryzae, have a long history of being 

used as an ingredient in animal feed for protein supplementation [35]. Fungal feed additives, rich 

in functional components, show promise in livestock breeding by improving body weight, egg 

production, and feed conversion rates [39]. Fungal probiotics can mitigate mycotoxin damage by 

encapsulating or degrading them [39]. Fermentation processes with soybeans have shown many 
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positive effects, such as increasing protein content, eliminating trypsin inhibitors, and reducing 

peptide size, nutritionally improving them for novel livestock feed ingredients [40]. Nile tilapia 

and parrot fish fed A. oryzae-containing diets experience improved growth, digestive enzyme 

activity, and intestinal histomorphology [41]. In parrot fish, the fermentation process enhances 

phosphorus availability and immune responses without impairing growth performance [42]. 

Research involving A. oryzae in animal feed demonstrates its potential as a probiotic [55], 

reducing inflammation, enhancing enzyme secretion, and increasing crude protein content in 

fermented materials. Overall, A. oryzae-based feed interventions show promise in enhancing 

animal health and nutrition. 

 

1.8.1 Environmental benefits of using SSF with koji fungus for BSFL defatting 

The utilization of SSF with koji fungus for defatting BSFL stands out for its pronounced 

environmental benefits. 

SSF's capacity to selectively target fat in BSFL while preserving essential nutrients aligns 

with sustainability principles. This optimized fat content allows for the efficient integration of 

BSFL into aquafeeds, presenting an eco-friendly alternative that reduces dependence on 

conventional FM. This transition supports the goal of sustainable aquaculture, which is 

emphasized by various studies highlighting the environmental impact of aquaculture practices 

[44]. The proposed SSF has a customization feature that enables the process to tailor fat levels in 

BSFL, which broadens its potential inclusion in aquafeed diets. This adaptability proves crucial 

for meeting the diverse dietary requirements of different fish species and life stages, promoting 

resource efficiency in aquafeed production. Such adaptability aligns with the call for sustainable 

aquaculture practices and reduced ecological footprints associated with feed choices. 
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The overall reduction in fat content through SSF contributes to waste reduction. By 

efficiently utilizing BSFL for organic waste management, this environmentally conscious 

approach aligns with the principles of circular economy and sustainable waste utilization [45]. In 

essence, the environmental benefits of employing SSF with koji fungus extend beyond the 

immediate context of BSFL defatting, positioning it as a sustainable and ecologically friendly 

solution that aligns with the evolving needs of environmentally conscious aquaculture practices. 

 

1.9 Solid state fermentation of BSFL 

The potential of SSF to enhance the nutritional profile and utility of BSFL continues to 

gain traction, as illustrated by several similar studies. Liu et al. demonstrated that co-

fermentation with Bacillus subtilis and Aspergillus niger could significantly enhance the 

digestibility and nutritional value of BSFLMs by degrading chitin, reducing fat content, and 

increasing free amino acids, peptides, and short-chain fatty acids [47]. They performed a 

comparative proteomic analysis of the co-fermentation group and the control group, and found 

significant changes in the expression of proteins involved in polysaccharide hydrolysis, amino 

acid biosynthesis, and fatty acid metabolism. The chitin degradation rate was 40.3% and the fat 

content decreased by 30% [47]. While these outcomes represent a significant improvement, the 

limited reduction in fat content and the moderate efficiency of chitin degradation suggest room 

for further enhancement through alternative or complementary fermentation approaches. These 

findings emphasize the potential of SSF with fungal species as a practical method for upgrading 

the nutritional profile of BSFL. Leveraging enzymatic versatility by exploring other fungi with 

distinct fermentation effects—such as enhanced enzyme secretion, improved substrate 

utilization, and optimized nutrient metabolism—could further refine this process, achieving 

greater fat reduction and nutritional enhancements, and expanding its utility in animal feed. 
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Similarly, Luparelli et al. explored lactic acid fermentation as a method to enhance the 

value of BSFL and by-products. Researchers employed two strains of lactic acid bacteria (LAB), 

Lacticaseibacillus rhamnosus and Lactiplantibacillus plantarum, to ferment various BSF 

biomasses, including prepupae, puparia, and adult flies. The fermentation process significantly 

improved the nutritional profile of these biomasses by enriching them with monounsaturated and 

polyunsaturated fatty acids, as well as essential amino acids. While the lipid and protein fractions 

showed notable enhancements due to fermentation, the chitin content remained largely 

unaffected. This approach also demonstrates promise for improving the quality of insect-based 

feeds, enhancing their suitability for aquaculture and broader applications in animal nutrition 

[48]. 

In a similar context, Ardra et al. investigated the potential of organic acid-fermented 

BSFL as a replacement for FM in the diet of Pangasius. Over an 8-week trial with 300 Pangasius 

fingerlings, the study assessed various levels of organic acid-fermented BSFL (0% to 100%) in 

the diet. The results showed that the complete substitution of FM with organic acid-fermented 

BSFL did not adversely affect growth, survival, or nutrient utilization. Higher organic acid-

fermented BSFL inclusion increased protease activity and antioxidant capacity without causing 

liver damage, as confirmed by histological analysis. Immune gene expression remained largely 

unchanged, except for a slight upregulation of transferrin in the 25% organic acid-fermented 

BSFL group. These findings support the use of organic acid-fermented BSFL as a viable and 

health-promoting alternative to FM, again demonstrating the potential of fermentation to enhance 

the nutritional profile of BSFL for aquaculture feeds [17]. 

We propose that employing A. oryzae, or koji, in BSFL fermentation could offer 

additional benefits beyond those demonstrated in these studies. A. oryzae is known for its 
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proficiency in producing a diverse range of enzymes, including those involved in fat metabolism 

and protein synthesis. Utilizing this enzymatic capability, we anticipate that A. oryzae could 

more effectively break down fats within the BSFLM, potentially leading to a greater reduction in 

fat content compared to other microbial fermentation approaches. Additionally, A. oryzae's 

established reputation in food and fermentation industries suggests it could be readily applied 

and scaled for industrial production, making it a promising candidate for optimizing the 

nutritional quality of BSFL for animal feed applications. 

 

1.10 Advancements and challenges in SSF for optimized BSFL processing 

The study done by Rob te Biesebeke et al. in 2002 explores SSFs and their applications 

in traditional food fermentation processes, highlighting their potential for enhanced enzyme 

production compared to submerged fermentations (SmF) [49]. SSF provides an optimal growth 

environment for microorganisms, particularly filamentous fungi, by offering low moisture 

content or even an absence of free water. Filamentous fungi, such as A. oryzae, thrive in such 

conditions, synthesizing abundant enzymes and metabolites, thereby enhancing the efficiency of 

SSF [50]. Additionally, oxygen uptake in A. oryzae is primarily done through aerial hyphae, 

contributing up to 75% of the OUR [49], with an optimal respiration temperature between 30 and 

35°C [37, 49]. SSF also exhibits reduced susceptibility to bacterial contamination, and the 

absence of a liquid phase streamlines the process, minimizing the need for agitation and 

extensive aeration further enhancing its appeal. 

While SSF offers advantages in the proposed process, it also presents several challenges. 

One notable difficulty is the measurement of cell biomass in SSF processes, particularly those 

involving filamentous fungi. This challenge arises due to the inherent complexity of 
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distinguishing between the mycelium and the solid substrate. In the past, utilizing exhaust gasses 

from a bioreactor has proven effective in monitoring fungal growth, offering valuable insights 

into organism metabolic activity and bioreactor performance [50]. Parameters such as O2 uptake 

rate (OUR) and CO2 evolution rate (CER) hold particular importance, providing a convenient 

method for online monitoring of microbial activity within SSF bioreactors [49]. Real-time 

estimation of these parameters using sensors, coupled with mathematical models, can enable the 

approximation of fungal growth. 

Scaling up SSF processes also poses several challenges, as discussed extensively in the 

literature. One major hurdle is the lack of standardized processes due to variations in 

microorganisms and substrates used. This diversity leads to limited reproducibility of 

experimental results on a larger scale. To address this issue, researchers worldwide are 

constantly exploring various scale-up methods in SSF, focusing on biochemical engineering and 

bioreactor design. Tray bioreactors, renowned for their simplicity and suitability for scaling up, 

are commonly employed. These bioreactors allow for comprehensive evaluation of system 

quality and cost analysis.  

Temperature regulation is critical for SSF performance [51], with heat removal 

presenting a major challenge. Various bioreactor designs, such as packed columns, rotating 

drums, and fluidized beds, have been utilized to address heat removal, with tray reactors 

specifically applied in koji fermentation [51]. As the process scale increases, maintaining optimal 

heat and mass transfer conditions becomes progressively more complex, which can adversely 

affect process efficiency and product yields. Therefore, at larger scales, precise monitoring and 

control of key process parameters, such as temperature, humidity, and aeration, are essential to 

mitigate inefficiencies and ensure consistent performance [49].  
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One of the remarkable features of using a well-controlled SSF bioreactor for this process 

would be the ability to customize the fat content of the BSFL biomass. By adjusting fermentation 

conditions, duration and nutrient composition, the fat level in the BSFL can be tailored to meet 

the specific dietary requirements of various fish species. This level of customization is pivotal 

because different fish species have distinct nutritional needs, including optimal protein-to-fat 

ratios. By controlling the fermentation process, one can ensure that the resulting BSFL biomass 

aligns with these specific requirements. 

In summary, while significant progress has been made in addressing the challenges 

associated with SSF processes, further research is necessary to develop standardized processes 

and improve understanding for effective scaling up. 

 

1.11 Research Objectives 

This study introduces the use of SSF with food-grade koji mold to defat and enhance the 

nutritional value of BSFLM. This novel approach directly addresses sustainability challenges in 

aquafeed production by improving the nutritional profile of BSFLM through an environmentally 

friendly process. By leveraging the natural enzymatic activity of the koji fungus, this process 

offers a sustainable alternative to traditional fat-removal methods, such as mechanical defatting 

or solvent extraction, which are often energy-intensive and environmentally damaging. This 

sustainable, eco-friendly approach addresses key challenges in aquafeed production by 

improving BSFLM's nutritional profile without relying on energy-intensive or harmful methods.  

A central component of this study is the design and development of a scalable SSF 

bioreactor system, enabling the practical application of microbial defatting technologies in 
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aquafeed production. This innovation addresses the scalability challenge, ensuring that the 

process is viable for real-world industrial applications.  

To achieve the overarching goals of this research, the study is guided by three primary 

objectives: 

 

Objective 1: Characterize and optimize koji fermentation of BSFLM to decrease fat and increase 

protein 

Objective 2: Develop a controlled bioreactor for scalable koji fermentation of BSFL 

Objective 3: Evaluate koji-fermented BSFLM as a fish feed 

 

This study aims to achieve an outcome that advances our technological capability to 

significantly reduce fat content and enhance the protein content of BSFLM. This innovation 

addresses the critical challenges associated with the heavy reliance on FM in aquafeed 

production by offering a sustainable and nutritionally superior alternative. The primary outputs 

of this study include a well-characterized and optimized SSF process, the creation of a scalable 

bioreactor system for large-scale fermentation, and evidence of the enhanced nutritional value of 

koji-fermented BSFLM as a viable aquafeed ingredient.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Microorganism  

The commercial Hishiroku Koji Starter Spores Powder (Hishiroku Koji, Japan) 

containing Kairyou Chouhaku-kin fungal seed koji starter in the powder form was used in this 

study as the main source of koji mold known as Aspergillus oryzae [54]. This strain is a white 

koji mold well-suited for SSF due to its rapid growth and effective nutrient breakdown. A. oryzae 

thrives at temperatures of 30°C to 35°C [37] and requires high humidity for optimal growth, with 

a pH range of 2.0 to 8.0 and an optimal range of 5.0 to 6.0 [54]. Its growth is typically supported 

by nutrient-rich substrates such as steamed rice, barley, and soybeans, which provide essential 

carbohydrates and proteins. This fungus is known for producing multiple enzymes, including 

amylases, proteases, and lipases, which enhance the nutritional quality and flavor of fermented 

products, and hence is selected in this study to ferment BSFL. Additionally, its historical use in 

Japan’s traditional fermentation practices adds to its reliability. The strain’s optimization through 

selective breeding for mycelial growth and oxygenation efficiency, along with its safety and 

accessibility, made it an ideal choice for this study [55]. 

 

2.2 Liquid culture condition 

During the initial phase of this study, small-scale experiments were conducted using 250 

mL flasks filled with 50 mL of liquid medium. The composition of the medium included 

NH₄NO₃ (0.6%), KH₂PO₄ (0.2%), MgSO₄ (0.2%), and trace amounts of FeSO₄·7H₂O, 

supplemented with extracted BSFL fat (2%) [56]. This specific formulation was designed to 
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exclude other carbon sources, thereby enabling the investigation of Aspergillus oryzae's ability to 

utilize BSFL fast as its primary carbon and energy source. 

The cultures were inoculated with 0.1g of the Kairyou Chouhaku-kin koji mold and 

placed in laboratory flask shakers set to operate at 250 RPM and 32°C. Individual flasks were 

periodically removed from the shaker at predetermined time points to monitor fungal growth. 

This is necessary because the fungal culture formed clumps that are difficult to sample 

homogeneously. 

At each predetermined time point, the contents of the flasks were filtered through pre-

weighed filter papers to separate the fungal biomass from the liquid medium, and dried at 60°C 

to constant weight. This dry weight measurement provided data points for the generation of the 

growth curve, showing the dynamics of koji fungus growth over time. 

 

2.3 BSFL substrate and SSF culture condition 

To expedite the research, BSFL was initially sourced from multiple commercial sources. 

The majority of experiments after initial tests were done using BSFL from Chapul farms 

(McMinnville, OR). The fat and protein contents of the BSFL meals tested are summarized in 

Table 2.1. The nutritional composition of BSFL varies significantly based on their diet, as 

illustrated by Enviroflight's practice of cultivating BSFL on human food byproducts [57]. 

Differences in substrate quality and composition influence the crude protein and fat content 

among suppliers. For instance, as shown in Table 2.1, crude protein levels range from 26.92% to 

45.64%, highlighting the impact of substrate selection on the nutritional value of BSFL for 

animal feed and sustainable protein production. 
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Table 2.1 Crude fat and protein compositions in BSFL used in this study. 

 CRUDE FAT % CRUDE PROTEIN% 

FLYGRUBS 

(Austin, Texas) 

39.01 33.67 

CHAPUL FARMS 

(McMinnville, Oregon) 

26.92 45.64 

ENVIROFLIGHT (Maysville, 

Kentucky) 

31.37 41.69 

GRUBBETS  

(Ontario, California) 

38.96 32.38 

 

 

In the conducted SSF experiments, BSFL were initially broken down by grinding them 

into a fine powder, followed by weighing out 20 grams of the resulting material. Subsequently, 

the BSFL were autoclaved in polypropylene jars and dried at 60°C for 12 hours to ensure 

sterility and moisture removal. After this preparation, the BSFL meals were inoculated with 0.1 g 

of koji spore powder in each culture jar and placed in the proofer for SSF. The initial BSFL 

moisture level was adjusted by adding proper amounts of water to create favorable conditions for 

fermentation.  

Throughout the fermentation process, the integrated microcontrollers regulated 

temperature and humidity levels within the proofer, maintaining set growth conditions. Once 

fermentation was complete, the jars were removed and dried again at 60°C for 12 hours before 

being ground up for analysis. Post fermentation grinding was performed for 5 minutes using a 

high-speed electric grain mill grinder (Homend, Model HC-300, 1300W) to homogenize the 

sample. The resulting material was then placed in containers awaiting analysis. 
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2.4  SSF bioreactor hardware 

The SSF system was established using polypropylene autoclavable jars placed within an 

economically feasible bakery proofing cabinet. This cabinet featured a built-in air heating and 

circulation system, serving as the primary heating mechanism. Control of temperature and 

humidity within the bioreactor was achieved through the integration of an ESP32 and Arduino 

UNO microcontroller. These microcontrollers orchestrated sensor and equipment operations 

while efficiently logging data into a cloud-based spreadsheet via Wi-Fi. A range of sensors were 

employed, including the DHT22 temperature and humidity sensor, a capacitive soil moisture 

sensor, and a K30 gas-phase CO₂ sensor. Guided by temperature and humidity readings, the 

microcontroller employed relays to modulate the proofer's heater, aligning it with the desired 

temperature. A microcontroller-controlled ultrasonic humidifier was retrofitted into the proofer 

to maintain the targeted humidity level. Figure 2.2 provides a simplified visual representation of 

this experimental setup.  

 

a  b 

Figure 2.1 (a) Hardware setup from several early experiments, showcasing the microcontrollers, 
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relays, K30 sensor, air pumps, and rotameters. (b) Another early experiment conducted within 

the proofer, where multiple jars are shown with air being pumped into them. The exhaust air 

from these jars is directed to the K30 sensor located outside the proofer. 

    

 

Figure 2.2 A simplified diagram of the system's hardware. In this version, which accommodates 

multiple jars, the K30 sensor is located outside the proofer, and air is pumped sequentially from 

the jars to the sensor using solenoid valves and air pumps controlled by relays managed by the 

microcontrollers. There would be an additional relay, and solenoid valve for each jar being 

fermented. A gas manifold connects all tubing coming from the bioreactors allowing the air 

pump to withdraw from the reactor with an open solenoid valve. A second gas manifold would 

be used after the rotameters to combine the sampling and dilution lines before directing towards 

the CO₂ sensor. 
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2.4.1 Part specifications and selection rationale 

The polypropylene jars used in this study measure 5.5 inches in height, with a bottom 

diameter of 3.5 inches and a top diameter of 4.5 inches, holding a capacity of 32 ounces. These 

jars were chosen for their affordability and ease of modification, which allowed for the addition 

of sensor ports or other mechanical elements as needed. Additionally, they can be autoclaved and 

reused.  

For effective temperature control, the bakery proofing cabinet, with dimensions of 25 1/8 

inches in width, 30 1/4 inches in depth, and 69 3/4 inches in height, was used to heat the air 

surrounding the jars. This approach offered an advantage over placing a heating element directly 

in or on the jars, as it ensured a more even distribution of heat, minimizing the risk of localized 

overheating and providing consistent temperature control for the cultures. 

To monitor environmental conditions, the DHT22 sensor was selected for its reliability in 

measuring both temperature and humidity, especially in high-humidity environments. Its probe-

like design allowed for flexible placement within the system. Additionally, a capacitance-based 

soil moisture sensor was used to measure the moisture level of the substrate bed and was chosen 

for its affordability and greater reliability compared to other methods. The K30 CO₂ sensor 

(Senseair), operating on the non-dispersive infrared (NDIR) principle, can accurately detect 

gaseous CO₂ levels up to 10,000 ppm, with an error range of 3% (30 ppm) [58]. 

Several design iterations were evaluated in this research to monitor CO₂ generation 

during BSFL SSF. The final arrangement involved incorporating a miniature gas diaphragm 

pump to intermittently draw air from the headspace of the bioreactor jar and direct it to the CO₂ 

sensor located outside the bioreactor. A second air pump was also incorporated to dilute the 

sample with ambient air drawn from outside of the reactor. This design was adopted for several 
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reasons. First, it mitigated the issue of CO₂ accumulation in the bioreactor, which had been 

observed to impede growth to some extent. Secondly, it eliminated the limitation of conducting 

fermentation only when CO₂ levels in the headspace were below 10,000 ppm, the sensor's 

detection threshold. This adjustment enabled cultures with significant growth to maintain CO₂ 

levels within the measurable range by employing dilution, allowing accurate calculations of the 

original concentration using a dilution factor. By drawing the headspace air on a timed basis and 

at a constant rate, it became feasible to approximate the total CO₂ produced between each 

sampling period. This approach allowed the koji to achieve maximum CO₂ levels without the 

hindrance of buildup, promoting optimal growth conditions.  

 

2.5 Integrated software system for real-time data collection and analysis 

The overall goal of the software development was to take measurements with all the 

sensors and have them stored and plotted in cloud-based spreadsheets (Google Sheets) for off-

line analysis. Depending on the experiments conducted, estimates of fungal biomass were able to 

be done in real-time within the code and estimates could be logged alongside raw data. Overall, 

three separate pieces of code were used, one for the Arduino microcontroller, one for the ESP32 

and one for the Google Sheets script which is where the data was stored and plotted. Below are 

the general algorithms for each code for a better idea of how they worked together.  
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Table 2.2 The algorithm that facilitates the transmission of sensor data from the Arduino to the 

ESP32 into a Google Sheet, enabling real-time monitoring and logging of bioreactor parameters. 

Algorithm Overview for Code Implementation 

Algorithm 1: Arduino Uno Code 

1. Setup and Initialization 

○ Configure pin modes for relays and the SD card. 

○ Initialize all sensors. 

○ Establish serial communication between Arduino and ESP32. 

2. Main Loop 

○ Power sensors. 

○ Send a read request to each sensor consecutively. 

■ Capture each sensor reading and save to a variable 

1. Resend request to a sensor if any readings are not accurate/ have 

an error   

2. Take multiple readings and use the average as the final value 

which is saved to the variable. 

■ Print each saved value so that the ESP32 will receive them through RX 

TX pins. 

○ Power off the sensors when not in use. 

○ Once all sensor variables are sent reset them and repeat the loop 

Algorithm 2: ESP32 Code 

1. Setup and Initialization 

○ Configure the serial communication pins (RX and TX). 

■ Connect to Wi-Fi using the provided SSID and password. 

■ Wait until the Wi-Fi connection is established. 

2. Main Loop 

○ Check for available data from the Arduino via serial communication. 

○ Read the incoming values and identify the corresponding sensor it is from 

1. Parse the float value associated with the sensor and store it in the 

corresponding variable. 

○ Continue until all data is received from the current iteration 

■ Construct a string with the sensor readings to be sent to Google Sheets. 

■ Call the function to transmit data over Wi-Fi. 

■ Reset all sensor variables to zero for the next cycle. 

3. Data Transmission to Google Sheets 

○ Construct the URL with the Google Script ID and appended sensor data 

parameters. 

○ Send an HTTP GET request to the Google Sheets script. 

○ Capture and print the HTTP response status and payload. 

Algorithm Overview for Google Script 

1. Initialization 

○ Open the Google Spreadsheet using the unique ID. 
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○ Access the specific sheet named "Sheet1" in this case where data will be stored. 

2. Function doGet(e) Execution 

○ Data Reception: 

■ The function receives data sent from the ESP32 via an HTTP GET request. 

■ Check if the received data (e.parameter) is undefined. If so, return a response 

indicating "Received data is undefined." 

○ Data Parsing: 

■ Extract the parameters received from the ESP32 

○ Data Logging: 

■ Identify the next available row in the Google Sheet. 

■ Log the received data into the appropriate columns 

3. Response to ESP32 

○ Return a confirmation message "Status Updated in Google Sheet" back to the ESP32 

to indicate that the data has been successfully logged in the Google Sheet. 

 

 

2.6 Statistical analysis 

Quantifying fungal growth within SSF experiments is inherently challenging, due in part 

to its heterogeneous nature. To address this issue, various methodologies were employed to 

monitor fungal growth on BSFL and facilitate comparative analysis across batches cultivated 

under different conditions. The data was analyzed using ANOVA, and multiple regressions were 

conducted in R. For batches showing the best fungal growth, as well as samples sent out for fish 

feeding trials, we conducted additional proximate analyses. These tests, including fatty acid and 

amino acid compositions, were outsourced to commercial labs to ensure both time efficiency and 

analytical accuracy, as UHM does not offer these specialized services.  

 

 

2.7 Fat measurement 

This method centered on the fat content of the fermented BSFL during the fermentation 

process. It was reasoned that increased fungal growth would lead to greater fat consumption, 

resulting in reduced fat levels. Fat concentration was assessed by gravimetric measurement of fat 
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extracted from dried BSFL meal samples utilizing the standard Soxhlet fat extraction method, 

and the data was compared to the extent of fungal growth. To extract lipids from fermented 

BSFL, 10 grams of the sample were placed into a cellulose thimble (Cat #2800-338) made of 

thick filter paper. This thimble was then inserted into the main chamber of a Soxhlet extractor. 

The solvent used for the extraction was 200 mL of petroleum ether, which was measured and 

poured into a round-bottom flask attached to the Soxhlet extractor. A condenser was connected 

to the top of the extractor to condense the evaporated solvent during the process.  

The round-bottom flask containing the petroleum ether was heated using a heating 

mantle, causing the solvent to evaporate and travel up into the condenser. The vapor was then 

cooled by the condenser, causing it to drip back into the cellulose thimble containing the BSFL 

sample. The condensation rate was controlled at approximately 1-2 drops per second, ensuring a 

steady flow of solvent. This allowed the solvent to thoroughly dissolve the lipids from the 

sample. Once the solvent level reached the siphon tube, it siphoned back into the flask, carrying 

the extracted lipids with it. This cycle was repeated for 4-6 hours to ensure complete extraction 

of the lipids from the BSFL. 

After the extraction process was complete, the apparatus was allowed to cool. The 

cellulose thimble was carefully removed, and the solvent containing the extracted lipids was 

collected. The solvent was then evaporated using a rotary evaporator for 2 hours to isolate the 

extracted lipids. Once the evaporation was complete, the round-bottom flask was weighed and 

compared to its initial empty weight to determine the amount of oil collected from the BSFL 

sample.  

To validate the accuracy of the Soxhlet extraction method, we performed fat extractions 

on BSFL samples with known fat content, based on nutritional information provided by the 
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vendors and verified by crude fat measurements through proximate analysis conducted by UH 

Manoa's lab. The extracted fat content closely matched the expected values, confirming that the 

Soxhlet method is reliable in this context.  

 

 

Figure 2.3 Soxhlet extraction set up. 

 

2.8 Chitin extraction  

Chitin extraction from BSFL meal was performed to determine the chitin content in 

BSFL meal used in the study. It is based on sequential demineralization and deproteinization 

with hydrochloric acid (HCl) and sodium hydroxide (NaOH), respectively. BSFL samples were 

first dried at 60°C and ground to a fine powder to maximize the efficiency of subsequent 

extraction steps. Demineralization was initiated by treating the BSFL powder with a 1-2M HCl 

solution at a solid-to-liquid ratio of 1:10 (w/v), allowing the mixture to react for 1–2 hours at 
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room temperature with gentle stirring. This step removed calcium carbonate and other inorganic 

compounds. Following demineralization, the mixture was filtered to separate the solid fraction, 

which was washed repeatedly with distilled water until a neutral pH (approximately 7) was 

achieved, ensuring the removal of all residual acid.  

After demineralization, deproteinization was conducted to remove protein content. The 

demineralized sample was treated with 1-2M NaOH in a 1:10 (w/v) ratio and heated to 60°C 

with continuous stirring for 1–2 hours. Upon completion of deproteinization, the solid chitin 

fraction was separated by filtration and washed with distilled water several times until a neutral 

pH was reached, confirming the removal of residual NaOH. The separated chitin was dried at 

60°C until constant weight and subsequently weighed to determine the yield.  
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CHAPTER 3 

FERMENTATION OF BSFL WITH KOJI FUNGUS – SMALL-SCALE CULTURE 

STUDY 

3.1 Introduction 

Multiple studies have explored BSFL as a sustainable alternative to traditional protein 

sources like fishmeal in aquaculture feeds [13, 17]. However, the high-fat content of BSFL can 

hinder feed digestibility, fish growth, and shelf life, making defatting essential. Traditional 

methods, such as mechanical oil-pressing or chemical solvent extraction, are energy-intensive 

and costly, limiting BSFL's broader use in aquafeeds. In this study, we propose a novel solution 

using SSF with the koji fungus to achieve microbial defatting of BSFL. We demonstrate the 

effectiveness of this approach through a systematic investigation, contributing to a growing body 

of research focused on optimizing BSFL as a feed ingredient. Previous studies have shown that 

fermented BSFL can replace fishmeal in aquaculture diets without negatively affecting growth or 

survival, while improving body protein content and antioxidant capacity [17]. Another study 

using Lactobacillus crispatus and Pichia kudriavzevii for fermentation enhanced nutrient 

absorbability, prevented melanization, and improved the flavor and safety of the product [59]. 

Building on these findings, our study introduces a novel SSF approach using Aspergillus oryzae 

to significantly reduce fat content in BSFL while simultaneously upgrading its nutritional profile, 

offering a more effective and health-beneficial alternative for animal feed applications. 

In this chapter, we report characterization and optimization of the BSFL koji 

fermentation process in small-scale culture studies and demonstrate koji's ability to utilize BSFL 

fat and improve the BSFLM’s nutritional quality. Results from a small-scale fish feeding trial 

evaluating the fermented BSFLM as a protein ingredient for growing tilapia hybrid 
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(Oreochromis niloticus x Oreochromis mossambicus) are also summarized in this chapter. The 

feed trial was conducted at the University of Hawaii Hilo by Professor Armando García-Ortega 

and his students. Scale-up and bioreactor studies are presented in Chapter 4.  

 

3.2 Demonstrating use of the BSFL fat as a carbon source to support the growth of koji 

fungus 

Figures 3.1A-C provides compelling evidence supporting the capacity of koji fungus to 

grow on BSFLM as a substrate. Figure 3.1A demonstrates that koji fungus can establish growth 

on BSFLM with only a small addition of water and slight heating, indicating the potential of 

BSFLM as a viable growth medium. To further investigate the specific nutrients contributing to 

this growth, an additional experiment was conducted in which fat was extracted from BSFL, and 

the defatted black soldier fly larvae meal (DBSFLM) was inoculated with koji fungus. Multiple 

moisture levels (50%, 100%, and 150%) were tested in this setup. Optimal growth occurred at 

100% moisture; however, growth was restricted to the inoculation areas, indicating that the lack 

of BSFL oil limited nutrient availability, as illustrated in Figure 3.1B. This observation suggests 

that BSFL fat likely serves as a primary carbon source for the fungus, as removal of fat from 

BSFL prevents koji growth. The role of BSFL oil as a primary nutrient was further confirmed by 

growing koji fungus in a liquid culture medium where BSFL oil was the sole carbon source. As 

depicted in Figure 3.1C, the left panel captures the medium immediately after inoculation (Day 

0), while the right panel illustrates the significant fungal growth observed only three days after 

incubation. In this experimental setup, BSFL fats were incorporated into a liquid medium 

consisting of 0.6% NH₄NO₃, 0.2% KH₂PO₄, 0.2% MgSO₄, 2% BSFL oil, and trace amounts of 
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FeSO₄·7H₂O, as described in Chapter 2. The medium was inoculated with 0.1 g of koji and 

maintained at 30°C [37]. 

The substantial growth observed in the right panel of Figure 3.1C provides strong 

evidence that koji fungus can utilize BSFL oil as its primary carbon source. This result 

underscores the viability of BSFL oil as a nutrient-rich substrate, confirming its capacity to 

support extensive koji fungus growth and highlighting its potential application as a renewable 

resource in fungal cultivation and bioconversion processes. 

 

 a      b   

c   

Figure 3.1 Demonstrating the use of BSFL oil as a carbon source for koji growth. (a) A. oryzae 

growth on BSFL with a minimal addition of water. (b) Growth of koji fungus on BSFL 

following hexane oil extraction at moisture levels of 50%, 100%, and 150%. (c) Growth of koji 

fungus in a liquid culture where BSFL oil served as the sole carbon source. The left panel shows 

the medium at Day 0, and the right panel shows significant fungal growth after three days. The 
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medium contained 0.6% NH₄NO₃, 0.2% KH₂PO₄, 0.2% MgSO₄, 2% BSFL oil, and trace 

FeSO₄·7H₂O. 

In the liquid culture, the koji fungus exhibited a tendency to form clumps, a common 

occurrence in submerged fungal cultures. Such clumping may arise from various factors, 

including stressful conditions such as nutrient limitations or suboptimal environmental 

parameters. Specifically, in koji fungus, clumping can result from hydrophobic interactions 

between fungal hyphae and the secretion of extracellular enzymes, e.g., for hydrolyzing the 

BSFL fat. This morphological feature can influence nutrient uptake efficiency, leading to 

heterogeneous growth patterns. Similar clumping behavior has been documented in other studies 

where koji fungus was cultivated in liquid media, particularly in oil-rich environments, where the 

fungus aggregates around oil droplets [61]. The formation of clumps may indicate that the 

fungus was adapting to BSFL oil as its main carbon source, potentially posing challenges related 

to accessibility or emulsification.  

Despite the antimicrobial properties associated with the fatty acid profile of BSFL oil, 

particularly its high lauric acid content, koji fungus thrived in this environment. This resilience 

suggests that the fungus either possesses a degree of resistance to the antimicrobial effects of 

lauric acid or that the concentrations present were insufficient to exert inhibitory effects. This 

observation is consistent with existing literature indicating that koji fungus can effectively utilize 

various oils, including olive oil, as growth substrates [61]. The unique fatty acid composition of 

BSFL oil, characterized by a significant proportion of medium-chain fatty acids known for their 

antimicrobial activity against various microorganisms, did not hinder A. oryzae's metabolism. 

The toxicity of lauric acid to A. oryzae  has not been well-documented in the literature. However, 

this study confirms that A. oryzae can metabolize this saturated fatty acid. 
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While the koji fungus successfully utilized BSFL oil during fermentation, it did not 

demonstrate the ability to degrade the chitin present in the exoskeleton of the larvae. To quantify 

the chitin content in the final product of the koji fermentation, several methods were assessed. 

One approach involved using strong acid and base treatments to remove non-chitinous 

components from the BSFL biomass, with the aim of isolating chitin by breaking down proteins 

and other organic matter (Figure A3 in Appendix). However, the results were inconsistent, with 

largely varying dry weights observed for similar samples. These discrepancies were likely due to 

residual impurities in the extracted material, complicating the accurate quantification of chitin 

content. 

To further investigate the potential of chitin as a substrate for fungal growth, DBSFLM 

was supplemented with extracted chitin and inoculated with A. oryzae under controlled 

conditions. A similar experiment was conducted in liquid culture, where chitin replaced BSFL 

fats in the growth medium. Despite these efforts, no visible fungal growth or evidence of chitin 

degradation was observed, suggesting that the chitin in the meal was not effectively utilized by 

the fungus. 

These findings underscore the need for future research to explore strategies aimed at 

enhancing the degradation of crystalline chitin. Such strategies may include the genetic 

modification of the koji fungus or the co-culturing of A. oryzae with other microorganisms 

capable of chitin degradation. This approach would likely improve the overall conversion of 

BSFL biomass into valuable products, facilitating the broader use of BSFL in feed applications. 

Despite this, building on the ability of koji to efficiently utilize BSFL oil, there are 

promising opportunities for scaling up this fermentation process in larger bioreactor systems. 

Koji’s capacity to thrive on insect-derived oils opens up innovative and sustainable approaches 
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to microbial cultivation, supporting the production of animal feeds, bioactive compounds, and 

other high-value products. 

3.3 Growth kinetics of koji fungus in liquid media using BSFL fat as the sole carbon source 

The growth curve depicted in Figure 3.2 was generated through periodic sampling and 

weighing of koji growth during liquid culture experiments. This curve demonstrates a typical 

sigmoidal pattern, which is characteristic of microbial growth over time. By fitting the data to a 

logistic growth model, the specific growth rate was calculated to be approximately μ ≈ 2.56 d-1. 

Notably, the log growth phase initiates at approximately one day, aligning with the findings of 

Bin He et al. (2018), which concluded that A. oryzae enters an adaptive phase during the first 24 

hours of growth, characterized by slow-growing, white colonies. The study further identified a 

logarithmic phase from 24 to 60 hours, transitioning to a stationary phase after 60 hours, 

accompanied by changes in cell morphology [62]. 

Further analysis of this data was conducted using RStudio’s “gc_fit” function, which 

provided a best-fit line represented by the formula below: 

 

𝑥 =
4.649

1 + 63.5694 𝑒−0.16𝑡      (3.1) 

Based on this model maximum growth value (xm) was able to be approximated and found 

to be around 4.649 g/L. A doubling time (DT) of 0.1804 days was also calculated. 

These findings highlight the capacity of A. oryzae to achieve significant biomass 

production when cultivated with BSFL fat as the sole carbon source. The observed growth 

pattern not only confirms the adaptability of the fungus to this novel substrate but also provides 

valuable metrics that can inform process optimization in industrial applications. The rapid 
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growth rate underscores the potential of BSFL fat to serve as a sustainable and efficient 

feedstock for microbial fermentation. 

  
Figure 3.2 Koji growth curve in liquid fermentation. 

 

3.4 Assessing growth conditions 

This section explores the influence of key growth parameters, including meal moisture 

content, nitrogen sources, and secondary inoculation on the fat utilization efficiency of koji 

fungus, aiming to identify the optimal conditions for its growth and activity.  

An SSF experiment was conducted to ferment BSFL with koji at varying moisture levels, 

and the resulting fat content of each batch is presented in the following figure. Figure 3.3 

exhibits a distinctive U-shaped pattern, with the x-axis representing the initial moisture content 

introduced into the culture and the y-axis denoting the final fat concentration. Notably, the 

lowest fat levels were recorded at both the 60% (0.6 mL/g) and 90% (0.9 mL/g) initial moisture 
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levels, each resulting in a final fat level of 7.2 %. This suggests that these moisture levels may 

enhance the fat-removal capabilities of koji fungus. 

A Shapiro-Wilk test performed on the dataset using R software, yielded a W statistic of 

0.9656 and a p-value of 0.8614, indicating normal distribution. The Non-Constant Variance 

(NCV) test produced a p-value of 0.32449, suggesting no significant variance in the data. A best-

fitting quadratic model, with an R-squared value of 0.7355, identified an optimal moisture level 

between 60-70%. 

The observation that both 60% and 90% moisture levels resulted in the lowest fat content 

suggests that the koji fungus can adapt its metabolic processes and grow effectively across a 

wide range of moisture conditions. However, moisture levels above 90% led to increased fat 

content, indicating a threshold beyond which fat degradation may be inhibited. Similarly, 

moisture levels below 40% also appear to create sub-optimal fermentation conditions, 

underscoring the importance of maintaining an optimal moisture range for efficient fat 

degradation. 
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Figure 3.3 Final fat levels in BSFL after fermentation at varying initial water levels. The x-axis 

represents the initial water-to-BSFL ratio (mL/g), indicating the water added at the start of the 

experiment relative to the substrate mass. 

 

In another experiment, both large and fine particle sizes of ground BSFL, sourced from 

the company FlyGrubs, were tested to assess their effects on fungal growth and fat degradation 

by koji fungus. The results indicated that grinding the BSFL improved air access and facilitated 

more uniform fungal coverage, contributing to enhanced microbial growth. It is hypothesized 

that the grinding process may have aided koji fungus in penetrating the BSFL matrix, which is 

often hindered by the presence of chitin in the larvae's exoskeleton. This chitin can restrict fungal 

access to the fat reserves within the larvae, limiting overall growth and fat degradation. 

However, in substrates with relatively high initial fat concentrations, such as those 

obtained from Flygrubs, excessive grinding led to the formation of a sludge-like consistency due 
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to the high oil content. This sludge formation can hinder fermentation efficiency by limiting 

oxygen availability and creating a less favorable environment for fungal growth. Therefore, 

while reducing particle size can promote better fungal colonization by overcoming the barriers 

posed by chitin, it is critical to balance particle size reduction with the potential for oil-induced 

substrate changes that may adversely affect fermentation outcomes. Further research is warranted 

to optimize particle size and substrate preparation techniques to maximize fat degradation while 

preventing sludge formation in future fermentations. 

 

 

Figure 3.4 Large and fine particle sizes tested at various initial moisture levels. 

 

In an effort to further investigate the capacity for fat reduction, a second fermentation 

was carried out by taking BSFLM that had been fermented for approximately four days, grinding 

it, adding additional water, and re-inoculating it. However, the results showed that the final fat 

levels did not decrease significantly compared to the initial fermentation, and only minimal 

growth of A. oryzae was observed. This suggests that the initial fermentation process had already 
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utilized the majority of the BSFL fat, limiting the potential for further growth and the ability to 

degrade the residual fat in the re-inoculated substrate. 

 

 

Figure 3.5 Koji growth after a second SSF. 

 

In addition to assessing moisture content, preliminary experiments were conducted to 

evaluate the effects of various nutrient sources on microbial growth and oil consumption during 

SSF. Specifically, media prepared with urea and ammonium sulfate were tested. Initial results, as 

depicted in Figure 3.6, indicate that media containing urea and ammonium sulfate supported 

enhanced microbial growth and accelerated oil consumption during the first two days. Notably, 

by day three, growth rates across all treatments largely converged, with fat levels stabilizing and 

remaining comparable through day four. Urea demonstrated the most significant impact on 

growth, followed by ammonium sulfate, as reflected in fat content measurements on day two: 

25.2% in the water control, 18.8% in ammonium sulfate, and 12.5% in urea.  

These findings align with research conducted by Zhao et al., which similarly reported 

that nitrogen supplementation enhanced initial growth but ultimately resulted in comparable 

overall growth levels when compared to fermentations using only water [63]. Importantly, the 

inclusion of nutrient additives did not achieve lower fat levels than those obtained with water 
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alone; had the additives shown a greater capacity for fat reduction, they would have been 

considered for future experiments. Instead, the end products maintained similar fat levels across 

all treatments, reinforcing the notion that initial moisture content plays a more critical role in fat 

reduction during fermentation. Given these observations, the decision was made to continue the 

study using only water as the fermentation medium, prioritizing simplicity and cost-effectiveness 

for potential scaling applications. 
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a   

b   

 c   

Figure 3.6 (a) Fat content of BSFL fermented under varying nitrogen supplementation 

conditions over time. (b) Growth of koji in BSFL with the addition of urea and ammonium 

sulfate after four days of fermentation. (c) The base of the culture showing uniform growth 

across all treatments. 
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3.5 Image analysis for assessing koji growth during SSF of BSFLM 

Quantifying total fungal growth in SSF presents significant challenges, primarily due to 

the interlocking nature of mycelial structures, which complicates the separation of the fungal 

biomass from the substrate. To address these limitations, a second method for gauging fungal 

growth through image analysis was made, providing a more reliable assessment of microbial 

activity. 

 Koji fungus typically exhibits a white appearance, while unfermented BSFL possesses a 

dark brown coloration. As fungal growth progresses, it coats the BSFL, rendering them white. 

For analysis, batches were homogenized into fine powders at the end of the fermentation process. 

Standardized photographs of these powders were captured and processed using "ImageJ" 

software. The photographs were taken using the following settings: an exposure time (shutter 

speed) of 1/800, an ISO of 640, and a focal length/aperture of 60. ImageJ software facilitated the 

quantification of grayscale values, which represented the brightness of pixels in the images. 

Higher average grayscale values denoted greater fungal growth, signifying an overall lighter 

final color. Regression analysis was employed to validate the effectiveness of this method, 

involving a calibration curve and variations in the mixture of koji and BSFL. With the resulting 

strong correlation between color and fungal growth it was possible to estimate the fungal 

biomass based on its resulting greyscale value. 
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a  

  

b    

c   

 

Figure 3.7 Calibration curve generated from image analysis, utilized to estimate and compare 

the final fungal levels in the sample. (a) Unfermented BSFL (b) Fermented BSFL (c) Calibration  

curve. 
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3.6 SSF growth and fat consumption kinetics 

Figure 3.8 presents the results of a 10-day time-course experiment conducted to further 

investigate the growth dynamics of koji fungus during SSF of BSFL. At each time point, final fat 

levels and grayscale values were recorded. The grayscale values were converted into estimated 

koji density in the BSFL substrate using the image analysis calibration curve and plotted on the 

graph over the final fat levels. 

The koji density curve exhibits a characteristic sigmoidal ("S"-shaped) growth pattern, 

consistent with the expected growth dynamics of the koji fungus. In contrast, the final fat levels 

follow a reverse sigmoidal trend. Notably, the exponential growth phase of the koji fungus 

coincides with the exponential decline in fat levels, with both stabilizing around day 4 and 

remaining relatively constant thereafter. This alignment demonstrates that increased fungal 

growth directly corresponds to reduced fat levels, highlighting the effectiveness of the SSF 

process in reducing fat content. From this data, the specific growth rate of the koji fungus in SSF 

was determined to be 1.23 d-1. 
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Figure 3.8 Time course fat removal during SSF. 
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3.7 Nutritional profiles of fermented and unfermented BSFL 

The comparative analysis of the nutritional compositions of fermented and unfermented 

Chapul Farms and FlyGrubs (Table 3.1) highlights the effectiveness of the koji fungus in 

reducing fat content while enhancing protein levels in BSFL substrates. The significant decrease 

in crude fat across both sources demonstrates that fermentation effectively mitigates fat levels in 

various BSFL substrates. The fat reduction in Chapul farms was 78.3%  and 73% in Flygrubs. 

This fat reduction more than doubled the reductions achieved in other studies using SSF with 

BSFL [47]. Additionally, protein content increased by 11.88% in the fermented Chapul Farms 

BSFL and 40.84% in the FlyGrubs BSFL. However, despite this successful reduction in fat 

content and increase in crude protein, there was no significant decrease in crude fiber, indicating 

limited chitin degradation during the SSF process. This finding suggests that while koji fungus is 

proficient in defatting BSFL, it may not sufficiently break down the chitin-rich exoskeletons, 

potentially affecting the digestibility and nutritional value of the final product. The results 

support the application of koji fungus in SSF for defatting BSFL, while the limited chitin 

removal highlights the need for further investigation into its degradation mechanisms. 
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Table 3.1 Proximate composition of fermented BSFL 

 

 

Based on Table 3.3, there is only a slight change in the levels of most amino acids 

between the fermented and unfermented BSFL. The increase in non-essential amino acids, such 

as aspartic acid, glycine, threonine, and serine, may enhance the feed’s nutritional quality. 

Additionally, the slight increase in essential amino acids, including valine, methionine, 

isoleucine, leucine, and phenylalanine, further supports the potential of the fermented BSFLM to 

improve fish growth. Combined with the overall increase in protein content observed post-

fermentation, these changes could contribute to stronger growth rates in fish. However, the 

reduced levels of lysine (2.45 from 2.95) and glutamic acid (4.23 from 4.52) merit further 

consideration. Supplementing lysine may be particularly advisable if the feed is intended for 

species with high lysine demands [66]. Lastly, the reduction in taurine is noteworthy, as taurine 

is essential for carnivorous fish, aiding osmoregulation, bile salt production, and vision [67]. The 

fermentation reduced the taurine level from 0.06 to 0.01. Despite this reduction, the impact may 

be minimal since the initial taurine content was already quite low. In commercial aquaculture, 

 CHAPUL 

FARMS 

FERMENTED 

CHAPUL 

FARMS 

FLYGRUBS FERMENTED 

FLYGRUBS 

Crude Fat 26.92 5.84 39.01 10.57 

Crude protein* 45.64 51.06 33.67 47.42 

Moisture 2.11 2.74 2.87 2.18 

Crude Fiber 6.73 11.37 5.11 11.42 

Ash 9.00 10.45 13.90 15.91 

ADF 11.71 20.75 6.48 22.16 
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taurine is frequently added to diets for species with higher taurine needs, such as salmon and 

trout. Incorporating taurine into feeds based on fermented BSFL could also be necessary to 

support physiological benefits [67]. 

The amino acid profile of fish feed influences fish growth, health, and production 

efficiency. By leveraging the amino acid profile of fermented BSFL, this research can be used to 

tailor amino acid profiles to species-specific requirements, and in doing so, aquaculture 

operations can ensure sustainable production without compromising fish performance or health. 
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Table 3.2 Fatty acid profile of BSFL 

 

Fatty acids as % total fat  Unfermented Fermented 

C14:0 8.48 6.48 

Myristoleic (9c-14:1) 0.14 0.06 

C15:0 0.32 0.51 

C15:1n5 0.01 0.05 

Palmitic (16:0) 18.47 32.30 

Palmitoleic (9c-16:1) 2.08 2.27 

Margaric (17:0) 0.38 0.76 

10c-17:1 0.12 0.19 

Stearic (18:0) 2.77 5.53 

Elaidic (9t-18:1) 0.07 0.15 

Oleic (9c-18:1) 11.27 15.31 

Vaccenic (11c-18:1) 0.81 1.05 

Linoelaidic (18:2t) 0.01 0.04 

Linoleic (18:2n6) 3.20 7.88 

Linolenic (18:3n3) 0.10 0.14 

g-Linolenic [C18:3n6] 0.00 0.00 

Stearidonic (18:4n3) 0.07 0.12 

Arachidic (20:0) 0.14 0.37 

Gonodic (20:1n9) 0.13 0.16 

C20:2 0.24 0.27 

Homo-g-linolenic [C20:3n6] 0.02 0.15 

Homo-a-linolenic (20:3n3) 0.00 0.00 

Arachidonic [20:4n6] 0.01 0.02 

3n-Arachidonic (20:4n3) 0.00 0.00 

EPA (20:5n3) 0.05 0.00 

C21:0 0.03 0.06 

Behenoic (22:0) 0.07 0.21 

Erucic [22:1n9] 0.02 0.00 

C22:2n6 0.01 0.00 

Adrenic [C22:4n6] 0.00 0.00 

Clupanodonic (22:5n3) 0.01 0.00 

DHA (22:6n3) 0.01 0.00 

C23:0 0.02 0.04 

Lignoceric (24:0) 0.04 0.11 

Nervonic (24:1n9) 0.20 0.22 
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Table 3.3 Amino acid profile of BSFL 

 

Amino Acid Unfermented Fermented 

Taurine 0.06 0.01 

Hydroxyproline 0.11 0.09 

Aspartic Acid 4.17 4.47 

Threonine 1.78 1.80 

Serine 1.57 1.43 

Glutamic Acid 4.52 4.23 

Proline 2.12 2.01 

Lanthionine § 0.11 0.11 

Glycine 2.21 2.23 

Alanine 2.88 2.72 

Cysteine 0.33 0.32 

Valine 2.63 2.87 

Methionine 0.78 0.84 

Isoleucine 2.13 2.26 

Leucine 3.17 3.30 

Tyrosine 2.69 2.22 

Phenylalanine 2.07 2.12 

Hydroxylysine 0.06 0.00 

Ornithine § 0.10 0.09 

Lysine 2.95 2.45 

Histidine 1.23 1.13 

Arginine 1.99 1.86 

Tryptophan 0.56 0.56 
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3.8 Fish feeding trials of fermented BSFLM 

Six months prior to the main fish feed study, an initial batch of 2 kg of fermented BSFL 

meal was produced using the SSF process and tested in feeding trials with the hybrid tilapia 

species O. niloticus × O. mossambicus. This trial revealed that only up to 40% of fishmeal could 

be substituted with fermented BSFL, a result that closely mirrored the replacement rate 

achievable with the unfermented BSFL. In the initial trial, the fermentation process had not yet 

been fully optimized, as efforts were still focused on improving the growth conditions for the 

koji fungus; consequently, the BSFL meal retained a fat content of approximately 11%. This 

unexpected outcome prompted further investigation into factors influencing the product's 

nutritional profile. 

Nearing the end of this study, another batch of 3 kg of fermented BSFL meal was 

produced using the further optimized SSF process. The fermented meal had a fat content of 

approximately 6%, showing significant improvement in the defatting process. This material was 

used in a 12-week feeding trial with the hybrid tilapia species. The results revealed that the 

fermented (microbially defatted) BSFL meal could successfully replace up to 50% of the 

fishmeal in feed formulations. This finding underscores the potential of fermented BSFL to 

significantly reduce fishmeal usage in aquaculture feeds while promoting local production of 

high-quality protein sources. 

Despite the relatively small increase in protein levels and the modest improvement in 

feed incorporation, the defatting process proved highly effective, achieving up to 78.3% fat 

reduction. Koji-fermented BSFL has significant potential for inclusion in fish feed, particularly 

for species with lower fat requirements and those capable of efficiently degrading high chitin 

content. Furthermore, this process could be applied to other animals that can tolerate or benefit 
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from chitin-rich diets, offering a promising method for utilizing BSFL as a sustainable feed 

ingredient.  
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CHAPTER 4  

BIOREACTOR STUDY 

4.1 Sensor placement and modulation 

The reactor design was focused on maintaining optimal conditions for koji growth while 

enabling real-time tracking of its development through exhaust gasses and installed sensors. To 

support fungal growth, the design prioritized key parameters such as temperature, moisture, and 

oxygen availability, with an emphasis on minimizing costs and ensuring that the process 

remained simple and autonomous, requiring minimal intervention. The bioreactor is a simple 

enclosed tray reactor with a substrate bed of about 0.5 inches. Low-cost, autoclavable 1-liter 

polypropylene jars were selected as substrate containers due to their durability, ease of 

modification, and watertight properties. 

In selecting components for this reactor, the goal was to maximize versatility, allowing 

for flexible sensor placement and modulation. The components were chosen based on a balance 

of cost and functionality. An Arduino Uno microcontroller was employed for the main control of 

all sensors and relays. An ESP32 microcontroller was incorporated for its Wi-Fi capabilities. The 

Arduino was connected to the ESP32 via a logic level converter, allowing for an RX-TX 

communication protocol, which enabled the ESP32 to receive sensor readings from the Arduino. 

The ESP32 was programmed to log all sensor values to a Google Spreadsheet through a Wi-Fi 

connection. A google script was developed to facilitate this data transmission, and the code could 

be easily modified to accommodate more or fewer sensors, as needed, for real-time logging of all 

sensor readings. A simple enclosure was designed for the K30 CO₂ sensor for potential use 

within the bioreactor. While not included in the final setup, the design aimed to protect the 
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sensor while allowing unrestricted airflow for accurate measurements. This design could be 

valuable for other applications requiring a K30 CO₂ sensor within a bioreactor. 

 

a b  c  

Figure 4.1 K30 CO₂ sensor 3D-printed enclosure. (a) CAD rendering of the K30 sensor 

enclosure design, (b) the fully 3D-printed enclosure, and (c) the enclosure integrated into the 

bioreactor setup. 

 

This low-cost bioreactor hardware setup is adaptable to different container types, 

temperatures, and humidity levels, allowing for future applications with a wide range of 

microorganisms, including potential use in the headspace of liquid fermentation processes. 

 

4.1.2 Reactor heating design 

Effective temperature control is critical for koji growth, as it requires a stable 

environment within the range of 30-35°C [37] for optimal development. To achieve this, a 

reliable heating system was necessary to maintain temperatures above ambient room levels. 

Initial attempts involved placing a heater at the bottom of the reactor; however, this 

configuration resulted in uneven heat distribution across the substrate, leading to suboptimal 

fermentation conditions. 

To address this issue, air was selected as the primary medium for heat transfer, which 

enabled more uniform heating throughout the substrate contained within the jars. The initial 
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design involved passing air through a heated water column prior to its entry into the reactor. 

While this method was valid and straightforward, it introduced inefficiencies, particularly in 

terms of heat loss as the air traversed the tubing from the water column to the reactor. 

Additionally, condensation occurred within this section of the tubing, resulting in moisture 

accumulation that could potentially affect the temperature and humidity levels within the reactor. 

This condensation not only reduced the overall efficiency of the heating system but also posed 

risks of water entering the reactor, potentially interfering with the fermentation process and 

compromising the integrity of the substrate. 

Ultimately, a bakery proofer was selected to heat the air. This approach not only 

facilitated more consistent temperature control but also allowed for the simultaneous processing 

of larger batches, which was essential for generating sufficient material for subsequent fish 

feeding trials. The utilization of the bakery proofer minimized heat loss, ensuring that the air 

reaching the reactor maintained the desired temperature. While a bakery proofer was used in this 

study, alternative equipment such as an incubator, growth chamber, or environmental chamber 

could also serve the same purpose, provided they are equipped with air heating and circulation 

systems. Though slight variations in results may occur depending on the equipment used, 

calibration can be performed to ensure the desired environmental conditions are met. The 

fundamental principle of maintaining consistent temperature and airflow for optimal 

fermentation remains the same across different systems. 
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Figure 4.2 Bakery proofer in the early stages of study. This figure illustrates the growth of 

multiple flasks under various testing conditions. The study explored the effects of different 

humidity addition placements and sensor positioning on growth outcomes. 

 

4.2 Challenges in aeration methods 

4.2.1 Overview of aeration challenges 

Aeration presented significant challenges in the design of a reactor for fermenting larger 

batches of BSFL. The complexity arose from the need to increase batch size while 

simultaneously ensuring adequate oxygen supply for the koji culture and preventing excessive 

CO₂ buildup, both of which are critical for optimal koji growth.  
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To address these challenges, a series of preliminary experiments were conducted, 

focusing on scaling up the reactor’s volume through an increase in bed depth rather than 

employing a conventional tray reactor configuration. Various aeration methods were tested, 

including embedding porous pipes to introduce airflow or porous floors, but these designs 

frequently clogged due to the high initial oil content of BSFL, which obstructed air outlets and 

caused uneven airflow across the substrate. Rotating drum and mechanical mixing were also 

tested as seen in Figure A4 in the Appendix, but they damaged the surface mycelium, which is 

responsible for absorbing approximately 75% of the oxygen required for fungal growth [49]. 

Findings indicated that direct and constant air stimulation also adversely affected fungal growth 

by prematurely drying out the culture. It was noted that evenly aerating the substrate bed became 

increasingly challenging when its depth exceeded about 0.5 inches. It was concluded that 

increasing the substrate volume would be accomplished by expanding the tray size horizontally 

and increasing the number of reactors, rather than increasing the bed depth. 

 

4.2.2 Implementation of passive aeration 

The final reactor design incorporated a passive aeration method using foam plugs in the 

jars. This approach allowed for controlled air exchange while preventing significant CO₂ buildup 

in the headspace and maintained the appropriate temperature and moisture levels by allowing 

easier diffusion of the humidified and heated air into the jars without damaging the fungi. 

However, CO₂ levels would eventually accumulate, albeit at a slower rate to levels too high for 

the CO₂ sensor.  
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4.2.3 Timed headspace purging and sampling to measure CER  

Using the logged CO₂ values, the aim was to develop a method for assessing the growth 

of the culture based on the collected data. Several key experiments were conducted, involving 

the implementation of constant aeration in the jars. These experiments maintained CO₂ levels 

below the sensor’s maximum threshold by using an air pump to provide a continuous inflow of 

air into the jars, while observing changes in CO₂ production over time. This was done initially 

for koji growing off of BSFL lipids within a liquid culture. The CO₂ levels were then plotted 

against a growth curve of the fungi in the liquid media, allowing us to identify the times at which 

CO₂ production peaked (Figure 4.3). 

The graph illustrates a dynamic relationship between CO₂ levels under constant aeration 

and the growth curve for koji SmF. Initially, CO₂ levels rise sharply, reaching a peak of 

approximately 1100 ppm despite aeration. This rapid increase indicates intense metabolic 

activity. However, the CO₂ concentration subsequently drops just as quickly, stabilizing around 

900 ppm before gradually declining further to 750 ppm over several days. 

Overlaying this is a typical S-shaped growth curve for the culture. Notably, the transition 

into the logarithmic growth phase occurs immediately after the CO₂ levels peak. This suggests 

that the peak in CO₂ concentration might correspond to a shift in metabolic processes, potentially 

linked to the adaptation of the culture to its environment. The observed trends highlight the 

interplay between metabolic activity (as indicated by CO₂ evolution) and growth progression.  
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Figure 4.3 Example data of CO₂ levels within a shake-flask bioreactor for a submerged 

fermentation with a constant inflow of air plotted against the generated liquid 

fermentation growth curve. 

 

The data collected from these experiments of both SmF growth and SSF proved valuable, 

but the SSF cultures experienced desiccation similar to earlier trials with continuous aeration, 

which hindered optimal growth. To mitigate this issue, a timed headspace purging system was 

introduced as an alternative to constant aeration. The timing of the purges were carefully 

optimized to suit the experimental setup. This aeration strategy also established the schedule for 

sampling the air exiting the headspace.  

 

4.2.4 CO₂ dilution 

This concept was further developed to address the challenge of CO₂ buildup in the 

headspace, which frequently exceeded the maximum reading capabilities of the CO₂ sensor. To 
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mitigate this issue without the need for more costly CO₂ sensors, it was determined that the 

exhaust gasses needed to be diluted with ambient air, which possesses a relatively stable and 

known CO₂ concentration. By carefully mixing the exhaust gasses with this ambient air, the 

effective CO₂ concentration reaching the sensor could be reduced to within measurable limits. 

This approach not only enabled the continued use of the sensor in conditions of elevated CO₂ but 

also improved the accuracy of the readings by preventing sensor saturation. Implementing this 

dilution strategy allowed for consistent monitoring of a much larger range of CO₂ levels than 

originally possible, thereby facilitating more reliable data collection and analysis during the 

fermentation process.  

This dilution method was implemented in the final experimental setup. CO₂ 

measurements were conducted hourly over a period of 10 minutes, during which the headspace 

of the reactor was purged into the K30 CO₂ sensor. This period was empirically determined for 

our setup to effectively extract the majority of the CO₂ from the headspace and return the CO₂ 

levels to near ambient conditions. This can be seen in the graph below as the co2 levels drop 

down to around the same level after each “spike”. The sampling outflow rate was set at 0.5 

L/min (LPM), which was mixed with a diluting airflow of 2 L/min to ensure that the readings did 

not exceed the sensor's measuring capabilities. The relatively high dilution flow rate of 2 L/min 

was particularly necessary during the latter stages of the experiments, given the elevated growth 

rates from further optimized batches and respiration levels observed, especially on the second 

day of fermentation. Below is an example of data from an experiment where the dilution rate was 

too low to maintain CO₂ concentrations within the sensor's maximum reading capacity, 

compared to an experiment conducted at the 2 L/min dilution rate. 
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a     b  

c  

Figure 4.4 (a) Data exceeding the CO₂ sensor's maximum range due to insufficient dilution, (b) 

appropriate dilution ensuring accurate CO₂ measurements, and (c) schematic representation of 

the air dilution setup. 

 

To determine the CO2 concentration within the bioreactor after this dilution process a 

simple mass balance was created. The system consisted of two streams: ambient air, flowing at a 

controlled rate of 2 L/min (𝑄𝑎𝑖𝑟), and the sampling stream, containing CO2 at an unknown 

concentration (𝐶𝐶𝑂₂), which was extracted from the bioreactor and flowed at 0.5 L/min (or 0.5 

L/min, 𝑄𝐶𝑂₂). The mixed stream, resulting from the combination of these two flows, had a total 
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flow rate (𝑄𝑡𝑜𝑡𝑎𝑙) of 2.5 L/min (𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑎𝑖𝑟 + 𝑄𝐶𝑂₂). The concentration of CO2 in ambient air 

(𝐶𝑎𝑖𝑟) was assumed to be approximately 400 ppm, based on typical atmospheric conditions. 

The concentration of  CO2 in the mixed stream (𝐶𝑚𝑖𝑥𝑒𝑑), measured by the sensor, was modeled 

using the following mass balance equation: 

 

𝐶𝑚𝑖𝑥𝑒𝑑 =
 (𝑄𝑎𝑖𝑟 ×  𝐶𝑎𝑖𝑟 +  𝑄𝐶𝑂₂ ×  𝐶𝐶𝑂₂)

𝑄𝑡𝑜𝑡𝑎𝑙
    (4.1) 

Here, 𝐶𝐶𝑂₂ represents the CO2 concentration within the bioreactor. Rearranging this equation to 

solve for 𝐶𝐶𝑂₂, the following expression was derived: 

 

𝐶𝐶𝑂₂  =
𝐶𝑚𝑖𝑥𝑒𝑑 × 𝑄𝑡𝑜𝑡𝑎𝑙 − 𝑄𝑎𝑖𝑟× 𝐶𝑎𝑖𝑟

𝑄𝐶𝑂₂
    (4.2) 

Using this approach,  𝐶𝐶𝑂₂ was back-calculated by substituting the measured 𝐶𝑚𝑖𝑥𝑒𝑑, along with 

the known flow rates (𝑄𝑎𝑖𝑟, 𝑄𝐶𝑂₂, 𝑄𝑡𝑜𝑡𝑎𝑙) and the ambient air CO2 concentration (𝐶𝑎𝑖𝑟). This 

method enabled an accurate estimation of the CO2 concentration within the bioreactor before 

dilution, while still ensuring the sensor operated within its optimal range providing reliable data 

for further analysis. 

 

4.2.5 CO₂ evolution rate  

Initially, the highest CO₂ value recorded during each sampling period—the peak of each 

"spike"—was used as a representative measure. However, this approach proved to be an 

inaccurate representation of CO₂ production. 

To improve accuracy, it was determined that estimating a total amount of  CO₂ generated 

between each sampling period and estimating a CER would be a much more accurate method of 
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comparing batches. This was achieved by integrating all data points collected during the 10-

minute sampling period above the ambient baseline of 400 ppm to calculate the total CO₂ 

produced. Dividing this value by 1 hour gave the hourly CER. To perform this integration, a 

trapezoidal integration method was used. These hourly CER values were then used as indicators 

of hourly CO₂ production, enabling a more precise estimation of respiration rates and, 

consequently, fungal growth. 

The CER offered several opportunities to optimize the fermentation process, particularly 

in monitoring and predicting fungal growth. Tracking CER over time allows for the observation 

of key growth phases, including the lag, exponential, and stationary phases. For instance, an 

increase in CER would suggest active fungal metabolism and biomass accumulation during the 

exponential phase, while a plateau or decline in CER could signal that growth is slowing or 

ceasing. This insight into growth dynamics is crucial for optimizing harvest times, adjusting 

nutrient delivery, or modifying environmental conditions to maximize fungal yield and 

productivity. 

One method involves establishing a direct correlation between CER and fungal biomass. 

By conducting calibration experiments, a relationship between CO₂ production and fungal mass 

can be determined and fit with a model. Once this correlation is established, CER data can be 

used to estimate fungal growth in real time. For example, a specific rate of CO₂ production along 

with a given time can be linked to a known biomass value, enabling the use of CER to predict 

fungal mass during subsequent experiments. This would be done with a model that best fits the 

growth that is empirically determined and analytically found to be a good fit.  
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The graph below illustrates an SSF growth curve plotted against the integrated CER 

values. The CER values can be observed exhibiting exponential growth, which aligns with the 

exponential growth phase of A. oryzae, and plateau at approximately the same time.  

 

 

Figure 4.5 CER graphed over the SSF growth curve. 

 

While this method of estimating fungal biomass provides a rough approximation, it is 

limited by the assumption that the CER values calculated from the bioreactor will align precisely 

with those in the pre-established growth curve. This correlation holds true only when the CER 

values fall within the range represented in the graph, making it less reliable for more variable or 

unforeseen biological fermentation conditions. To improve the accuracy of biomass estimation 

and account for the full spectrum of possible CER values, a more sophisticated model was 

developed. These models were verified through numerous experiments to ensure their reliability 

under varying conditions. By incorporating additional factors such as specific growth rates and 
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yield coefficients, these models provide a more robust framework for real-time biomass 

estimation, allowing for more precise monitoring and control of the fermentation process. 

 

4.2.6 Predicting fungal biomass using CER 

Sidharth Arora et al. (2018) introduced a straightforward method for using the OUR of a 

bioreactor to estimate cell biomass online. Their approach demonstrated that, under specific 

assumptions, fungal biomass could be effectively approximated based on the exhaust gasses of 

the bioreactor [69]. In this study, the CER was used in place of OUR, under the assumption that 

respiration results in a 1:1 conversion of oxygen to CO₂. This interchangeability allowed CER to 

serve as a proxy for oxygen consumption, enabling its use in a similar yield/maintenance model 

to estimate fungal growth. This model is expressed as: 

 

𝐶𝐸𝑅 =
1

𝑌𝑥/𝑐

𝑑𝑥

𝑑𝑡
+ 𝑚𝑐 ∙ 𝑥    (4.3) 

where Yx/c and mc are biomass yield coefficient on CO₂ and maintenance coefficient, 

respectively. By dividing through by cell concentration (x), the equation can be linearized: 

 

𝐶𝐸𝑅/𝑥 =
𝜇

𝑌𝑥/𝑐
+ 𝑚𝑐     (4.4) 

In this equation the specific growth rate (μ) takes the place of (1/x)(dx/dt). To better 

understand the relationship between fungal growth and carbon dioxide evolution, a plot of 

CER/x (normalized CER) against  (1/x)(dx/dt) (specific growth rate) was constructed. This 

normalization decouples biomass accumulation from CO₂ production, providing insights into 

metabolic activity during various growth phases. This plot revealed a linear correlation for a 
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significant portion of the data, demonstrating the potential utility of the simple yield/maintenance 

model for predicting cell concentration based on online-monitored CER. 

  

a    b  

Figure 4.6 Illustrates the process used to determine growth rates and maintenance values for the 

koji during BSFL fermentation. (a) the full dataset is presented, (b) the linear portion of the data, 

where the model fits, is shown. 

 

The nearly linear relationship observed for a portion of data confirms where the CER 

correlates strongly with growth rate. Additionally, the slope of the relationship provided insights 

into the carbon efficiency of the process, as steeper slopes indicated periods where higher CO₂ 

evolution corresponded to more efficient biomass accumulation. With a linear correlation 

between CER/x and μ, we can estimate 1/Yx/c from the slope and mc  from the y-axis intercept.  

However, deviations from linearity, particularly in the data from the exponential growth 

phase, suggested that the relationship between CER and growth rate was not consistent 

throughout the entire fermentation process. The deviations from linearity in the data could be 

attributed to the adaptation of the koji culture to utilizing BSFL fat as its primary carbon source, 

similar to the trend seen in Figure 4.3. Initially, the fungal cells may face challenges in 
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efficiently metabolizing the BSFL fat, as it is not their natural substrate. This adaptation process 

may require time to produce specific enzymes to break down the fat, which could lead to 

metabolic activity that doesn't directly correlate with biomass accumulation. During this period, 

the CO₂ production may be higher than expected, reflecting the increased metabolic activity 

associated with the culture’s adjustment to the new substrate. Once the koji has fully adapted to 

using the BSFL fat, the relationship between CO₂ evolution and fungal growth may become 

more consistent, reducing the observed deviations and leading to a more linear CER-growth rate 

correlation. This finding was significant, as it suggested that CO₂ evolution alone may not 

always be a perfect indicator of growth and should be interpreted with caution. 

The logistic equation in its differential form (Equation 4.5) can be put into Equation 4.3 

to establish a quadratic relationship between CER and x, where xm is the maximum biomass 

concentration. 

𝒅𝒙

𝒅𝒕
 = 𝜇𝒙(

𝟏−𝒙

𝒙𝒎
)     (4.5) 

𝑪𝑬𝑹 = 
−𝟏

𝒀𝒙/𝒄
𝜇

𝒙𝟐

𝒙𝒎
 + (

𝟏

𝒀𝒙/𝒄
𝜇 + 𝑚𝑐)𝒙   (4.6) 

This approach facilitates the generation of the graph below, demonstrating the correlation 

between CER and microbial growth. Using known biomass values from SSF growth data and 

their corresponding CER values, a best-fit trendline was derived, represented as a quadratic 

equation: 

 

𝐶𝐸𝑅 =   1565𝑥 − 22.3𝑥2    (4.7) 

In order to express x as a function of CER, equation 4.7 is rearranged to solve for x. 

𝑥 =  35.08 ± √1230.783 −  0.045(𝐶𝐸𝑅)   (4.8) 
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Given a CER value, the quadratic equation produces two potential values for x. To 

accurately estimate x, it is crucial to consider the experimental context and the specific stage of 

the fermentation process. Insights from SSF growth data, combined with the trendline derived 

from previous experiments, allow for the selection of the appropriate value based on the system's 

expected behavior. For instance, early in fermentation, when microbial growth is likely 

exponential, a lower biomass concentration should be chosen. Conversely, during the stationary 

phase, where growth plateaus, the biomass concentration should approach the maximum level. 

The trendline captures the general growth patterns observed in the system, facilitating a more 

precise determination of x based on the known experimental conditions. Since the vertex 

represents the point of maximum CER, it can also guide the choice of x, ensuring that it aligns 

with the fermentation process's biological expectations.  

 

Figure 4.7 CER as a quadratic function of x. 

 

To verify previously calculated values for yield , maintenance rate, and specific growth 

rate, the trendline equation was simplified into the form Ax + Bx² + C. The coefficients A and B 
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can be equated to their corresponding constants as seen below, enabling their calculation and 

verification. 

A = 
−𝜇

𝒀𝒙/𝒄𝒙𝒎
        (4.9) 

B = (
𝜇

𝒀𝒙/𝒄
) + 𝑚𝑐    (4.10) 

These verified 𝑌𝑥/𝑐, mc, and μ values can then be used in Equation 4.11 to estimate cell 

concentration based on CER and time (t). This final model is a reliable tool for predicting cell 

concentration during fermentation using CER and time data. 

 

𝑥(𝑡) = 𝑒(−𝑚𝑐∙𝑌𝑥/𝑐∙𝑡) [𝑥0 + ∫ (𝑌𝑥/𝑐 ∙ 𝑒(𝑚𝑐∙𝑌𝑥/𝑐∙𝑡) ∙ 𝐶𝐸𝑅)𝑑𝑡
𝑡

0
]  (4.11) 

Equation 4.11 along with the empirically determined constants can be coded in Arduino, 

and real time CER and time data will be used as input to estimate cell growth during the solid-

state fermentation. With an accurate estimation of the number of cells in the reactor during 

fermentation it is possible to make predictions on changes that might come with the growth, such 

as temperature increases within the substrate bed, water uptake, oxygen levels, and gauging how 

much fat has been consumed. This data can be used to enable automatic control of water 

addition, reduction of temperature or forced aeration to further improve the fermentation.  

 

4.2.7 Sampling from multiple bioreactors using a single CO₂ sensor 

During the scale-up phase of our experiments, we developed a cost-effective method to 

monitor CO₂ levels in multiple bioreactors without the need to purchase additional sensors. This 

was accomplished by designing an exhaust system that facilitated the sequential sampling of 

headspace gas from each individual bioreactor, directing it to a single CO₂ sensor. The system 
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required the K30 sensor to be removed from the jars and placed outside the bioreactor. It also 

utilized a combination of vinyl air tubing, solenoid valves, additional relays, gas manifolds, and 

air pumps, which together enabled accurate and efficient sampling from multiple bioreactors, 

directing the air samples to the sensor (Figure 2.2).  

Two air pumps were utilized in this setup. The first air pump was used to siphon 

headspace air from the bioreactor under investigation, with all solenoid valves remaining closed 

except for the one corresponding to that reactor and the one allowing for dilution. The second air 

pump was used for dilution and would draw ambient air in to mix with the sample.  

Following the sampling period, all solenoid valves connected to reactors would close and 

a solenoid valve connected to a filtered ambient air supply would open, allowing the pump to 

flush the tubing and sensor for a duration that was empirically determined to be sufficient. This 

flushing process ensured that residual air from the previous sample was completely removed 

before the subsequent sampling event. Extensive experiments were conducted to ascertain 

optimal sampling and flushing times, thereby ensuring accuracy across the entire bioreactor 

system. This method proved to be highly effective, allowing for the collection of CO₂ readings 

from numerous reactors using a single sensor, thus reducing costs and simplifying the 

experimental setup. 

 

4.2.8 Accounting for CO₂ diffusion  

The diffusion rate of CO₂ from a sealed jar modified with a foam plug port was 

investigated to simulate conditions similar to those in the bioreactor headspace during 

fermentation. To simulate the diffusion of CO₂ at different concentrations, the jar was filled with 

CO₂ levels that exceeded the sensor's measurable range, and the decline in CO₂ concentration 
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was tracked over time. This approach allowed for an assessment of the diffusion dynamics at 

various CO₂ levels within the headspace of the jar. By plotting CO₂ concentration as a function 

of time, an empirically determined mathematical estimation of the diffusion rate of CO₂ was 

achieved utilizing Fick’s law, under the assumption that the ambient CO₂ level outside the jar 

remained constant. This analysis provided valuable insights into the behavior of CO₂ within the 

system, enabling more precise control over gas exchange processes in future experiments 

involving bioreactor systems. 

 

Figure 4.8 Calibration experiment tracking CO₂ output from a reactor, comparing results with 

and without the use of a foam plug. 

 

4.2.9 Triggered dilution 

An additional CO₂ sampling strategy was developed wherein CO₂ was not diluted until 

the readings surpassed a predetermined trigger point within the code. Once this threshold was 

reached, dilution with ambient air commenced during sampling, and it ceased when CO₂ levels 
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began to decrease at approximately the fourth day of fermentation. The CO₂ levels during the 

dilution phase were still calculated using the dilution factor to estimate the original CO₂ levels. 

This approach was designed to minimize potential errors associated with dilution, to preserve the 

accuracy of the data collected throughout the fermentation process.  

 

Figure 4.9 CO₂ sampling strategy during fermentation. Dilution was initiated only after readings 

exceeded a set threshold, reducing errors associated with dilution and improving data accuracy. 

 

4.3 Water addition methods 

In traditional koji fermentations on substrates like rice, koji is typically placed onto 

steamed rice with a high initial moisture content. As fermentation progresses, experienced koji 

farmers, who have refined their techniques over thousands of years, suggest allowing the koji to 

dry out. This drying process encourages the fungus to penetrate deeper into the substrate in 

search of water, thereby promoting more extensive growth. 



76 
 

Applying this principle to our process, we initially added water to the BSFL substrate at 

the beginning, coinciding with the inoculation. The culture was also kept from drying out quickly 

with an ultrasonic humidifier set to keep the air humidity at the optimal growth humidity of 80-

90%.  This traditional method of adding water at the start of the process proved to be the most 

effective approach for fostering fungal growth.  

We also conducted experiments where additional water was added at various stages 

during the fermentation process. Results indicated that while additional water could revive a 

dying culture by stimulating respiration, it did not significantly enhance koji growth or affect the 

final product. This can be seen in Figure 4.10. In this experiment the reactor used an air pump to 

purge the headspace of the reactor whenever CO₂ levels exceeded 5000 ppm. This was to keep 

the CO₂ readings at a level below the sensor's maximum of 10000 ppm. It was coded to purge the 

headspace until the CO₂ level dropped to below 2000 ppm again. The CO₂ level then would 

continue to rise as the koji would respirate and then the cycle would continue. It can be seen 

from this data that at about 2.9 days the culture’s respiration began to slow down so much that 

the CO₂ levels were beginning to drop from air diffusion out of the foam plug instead of 

increasing to 5000 ppm. At this point water was added. It can be seen that the addition of water 

jump started the culture’s respiration again and the Co2 levels were able to increase to over 5000 

ppm for about another day. When the respiration slowed again and was not able to reach the set 

upper CO₂ limit water was added a second time to verify the effect, and the same trend can be 

observed. The third time the CO₂ output slowed down water was not added and the CO₂ levels 

can be seen dropping toward ambient levels. 
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Figure 4.10 Impact of water addition during fermentation. Water was manually added at two 

points, reviving culture respiration temporarily without significantly enhancing koji growth. A 

third slowdown in respiration demonstrated a decline toward ambient CO₂ levels in the absence 

of water addition. 

 

Figure 4.10 introduces the use of CO₂ monitoring and direct meal moisture monitoring to 

optimize SSF by controlling moisture levels. Proper moisture management can enhance the 

defatting process and yield more consistent results. Adding water during fermentation helps keep 

koji cells alive and prevents dehydration, but excessive or poorly timed water addition may not 

support growth, only sustaining cells. More research is needed to determine the optimal timing 

and amounts of water to promote active growth, ensuring that the cells are not merely surviving 

but growing and metabolizing at their best rate. 
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4.4 Summary 

This chapter provides a comprehensive analysis of how the bioreactor was developed, 

focusing on the selection of sensors and their application in optimizing fermentation processes. It 

describes the data collection methodologies employed, with particular emphasis on the 

calculation of a representative CER value. The collected CER data informed growth models to 

estimate fungal biomass and optimize operational conditions. Additionally, the chapter details 

the implementation of a cost-effective CO₂ sampling method for scale-up, as well as the use of 

Arduino-based systems for real-time biomass estimations. These estimations could, in the future, 

be used for various control methods that would further optimize the fermentation process. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusion 

In conclusion, this study demonstrates that a simple SSF process using A. oryzae 

effectively reduces the fat content and increases the protein concentration in BSFLM. The 

research highlights the unique ability of A. oryzae to utilize BSFL fat, including the antimicrobial 

lauric acid found in high concentrations, as its primary carbon source. This adaptability offers 

significant potential for bioprocessing applications focused on lipid reduction, particularly in 

sustainable feed production within both liquid and SSF systems. Fat content analysis using 

Soxhlet extraction revealed that the SSF process achieved up to a 78.3% reduction in crude fat, 

and proximate analysis showed a 40.84% increase in crude protein. An amino acid profile 

comparison between unfermented and fermented BSFL indicated a fairly similar profile. Further 

SSF process characterization showed that most of the defatting occurred within the first 4 days, 

with a specific growth rate of 1.23 d-1. Overall, this work underscores the potential of A. oryzae 

in improving the nutritional profile of BSFL and its promising application in sustainable feed 

production. 

Several methods for estimating fungal growth during this process were employed, 

including a simple image analysis approach using ImageJ software. Fungal growth during SSF 

was successfully monitored by homogenizing the final product and capturing standardized 

images to obtain greyscale values. These values, when applied to a generated calibration curve, 

provided a reliable means of quantifying A. oryzae growth. This technique proved to be a 

straightforward tool for gauging the fungal growth after fermentation. Another method involved 

monitoring culture respiration as a proxy for growth. Real-time CO₂ values were measured using 
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a CO₂ sensor, which were then used to estimate CER and apply the generated models to estimate 

fungal growth. The estimated fungal growth could subsequently guide real-time adjustments in 

the process, such as moisture addition or the introduction of airflow for cooling and providing 

oxygen, thereby further improving fermentation conditions. 

An important outcome of this research is the development of a scalable, low-cost 

bioreactor system designed to facilitate fungal growth estimation while maintaining optimal 

growth conditions for the culture. The system, designed for affordability and scalability, utilizes 

an ESP32 microcontroller and Arduino-controlled setup within a modified commercial bakery 

proofer to effectively regulate temperature and humidity. It also monitors gaseous CO₂ levels in 

the bioreactor headspace. The design emphasizes adaptability, incorporating autoclavable jars, 

passive aeration techniques, and low-cost sensors, which together allow for efficient monitoring 

and control of key fermentation parameters. By operating parallel SSF bioreactor vessels, this 

system enables larger-scale production of fermented material. 

Additionally, the study evaluated the potential application of fermented BSFLM as a 

sustainable protein ingredient in aquaculture feeds. While the SSF process with A. oryzae 

significantly reduced fat content and modestly improved protein concentration in the BSFLM, it 

did not sufficiently lower chitin levels, limiting the fermented meal's ability to fully replace 

fishmeal in aquaculture feeds. This limitation was partially addressed in this study by grinding 

the BSFLM to reduce particle size. Despite this, the processed fortified meal successfully 

replaced up to 50% of fishmeal in a 12-week feeding trial with hybrid tilapia, without 

compromising fish growth, survival rates, feed utilization, or nutrient retention. These results 

underscore the potential of fortified BSFLM as an efficient, sustainable feed ingredient, 

supporting the broader use of BSFL-derived protein in aquaculture. Additionally, our findings 
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emphasize the need for further research into methods to reduce chitin content in BSFLM, as this 

could enable even higher incorporation rates of BSFL in aquatic feeds. 

These advancements underscore the transformative potential of BSFL-derived protein in 

aquaculture, addressing the industry’s need for sustainable and cost-effective feed ingredients 

and paving the way for future innovations in sustainable protein production to replace 

unsustainable FM in aquatic feed. 

 

5.2 Future work 

Building upon the findings of this study, future research should prioritize the continued 

development and optimization of the SSF process. The design and implementation of industrial-

scale bioreactor systems, which are essential for bridging the gap between laboratory-scale 

processes and commercial feasibility, is critical for the successful adoption of this technology. In 

this effort, Computational Fluid Dynamics (CFD) modeling would be a valuable tool for 

addressing key challenges in scaling up. CFD can refine reactor design by optimizing heat and 

mass transfer dynamics, ensuring uniform aeration, and maintaining effective moisture 

distribution throughout the system. Additionally, CFD models can play a crucial role in 

mitigating the formation of hotspots—one of the most significant challenges in large-scale 

systems—thereby improving overall fermentation efficiency and process control. These 

advancements will not only enhance the performance of the SSF process but also strengthen its 

economic viability and sustainability for industrial applications. 

To enhance process control, future research should also focus on the real-time monitoring 

and regulation of critical parameters such as water addition, temperature, and aeration. The CER 

and fungal growth estimation models developed in this study provide an initial foundation for 
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implementing dynamic, real-time adjustments during the fermentation process. By integrating 

CER data into automated systems, precise control of moisture addition and airflow can be 

achieved, ensuring optimal conditions for microbial activity. This would not only maintain 

favorable growth environments but also enhance overall process efficiency and consistency. 

Another important area for future work is the reduction of the chitin content in BSFLM. 

While significant fat reduction and protein enrichment were achieved in this study, the high 

chitin levels remain a limiting factor. Investigating co-fermentation strategies with high 

chitinase-producing microbes, such as Bacillus subtilis or Paenibacillus polymyxa, could 

enhance chitin degradation and improve nutrient availability [70, 71]. Additionally, exploring 

enzymatic supplementation or pretreatment methods may help reduce residual chitin, further 

improving the nutritional profile of the fermented meal. Alongside this, genetic modification of 

A. oryzae using techniques such as CRISPR-Cas9 could enhance chitinase production, improving 

its ability to degrade chitin and increase the nutritional quality of the fermented BSFLM [72]. 

Finally, future research should include additional feeding trials to assess the long-term 

effects of reduced chitin content on fish growth, survival, and feed utilization. By addressing 

these challenges and incorporating these advancements, the SSF process can be further 

optimized to produce a higher-quality, sustainable protein source for aquaculture, ultimately 

contributing to the replacement of unsustainable fishmeal in aquatic feed systems. 
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Appendix 

 

TableA1 Part list for the SSF bioreactor  

 

Part 

Name/Number 

(and link) 

Vendor Purpose Other Notes 

(tutorials,coding, 

important design 

specs..etc) 

ESP32­ 

 

1965-ESP32-

DEVKITC-32E-

ND 

 

Digikey  Microcontroller with wifi 

capability. Sends data to google 

spreadsheet. Used to control 

sensors with operating voltage of 

3.3V, as well as control relays 

powering the heaters and 

humidifiers at times.  

Arduino 

 

A000066 

Amazon/ 

Arduino 

Microcontroller takes CO₂ 

readings and sends them to 

esp32. Controls air pumps, 

relays, solenoid valves and 

sensors (5 and 3.3V).  

DHT22  

  

1528-1504-ND 

 

Digikey Main temperature and humidity 

sensor. 

Based on these readings the 

heating element will be turned 

on or off. 

https://lastminuteengineer

s.com/esp32-dht11-

dht22-web-server-

tutorial/  

 

K30 CO₂ Sensor  

 

030-8-0006 

CO2Meter.c

om 

CO₂ sensor which. Comes with a 

port to allow directed airflow 

into the sensor through tubing. 

 

https://www.digikey.com/en/products/detail/espressif-systems/ESP32-DEVKITC-32E/12091810
https://www.amazon.com/Arduino-A000066-ARDUINO-UNO-R3/dp/B008GRTSV6/ref=asc_df_B008GRTSV6/?tag=hyprod-20&linkCode=df0&hvadid=309751315916&hvpos=&hvnetw=g&hvrand=628162332638410803&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9032816&hvtargid=pla-457497319401&psc=1&tag=&ref=&adgrpid=67183599252&hvpone=&hvptwo=&hvadid=309751315916&hvpos=&hvnetw=g&hvrand=628162332638410803&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=9032816&hvtargid=pla-457497319401
https://create.arduino.cc/projecthub/MinukaThesathYapa/dht11-dht22-sensors-temperature-using-arduino-b7a8d6
https://lastminuteengineers.com/esp32-dht11-dht22-web-server-tutorial/
https://lastminuteengineers.com/esp32-dht11-dht22-web-server-tutorial/
https://lastminuteengineers.com/esp32-dht11-dht22-web-server-tutorial/
https://lastminuteengineers.com/esp32-dht11-dht22-web-server-tutorial/
https://www.co2meter.com/products/k-30-co2-sensor-module
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Baking Proofer 

 

 461c519pfc4 

Webstaurant

store.com 

Provide heat (sometimes 

humidity) to growing cultures 

 

Humidifier Amazon Provides humidified air when 

turned on. 

 

IoT Power relay 

 

COM-14236 

Sparkfun Allows easy testing of various 

heating and moisture adding 

elements and other parts that run 

on 120V.  

 

SparkFun Soil 

Moisture Sensor 

(with Screw 

Terminals) 

 

SEN-13637 

Sparkfun Measure moisture in the reactor. 

Based on these readings the 

misting system will be turned on 

or off. 

 

 

Logic level 

converter 

 

BOB-12009 

Sparkfun Allow esp32 and Arduino to 

serial communicate 

 

 

  

12 V Solenoid 

Valve 

 

ml-06050-asv 

Amazon Solenoid valves used to allow 

one CO₂ sensor to take 

measurements from multiple 

reactors 
 

8 Channel relay 

 
06952131721320 

Amazon Allow microcontrollers to 

control up to 8 relays and 

connected solenoid valves at a 
 

https://www.webstaurantstore.com/metro-c519-pfc-4-c5-1-series-non-insulated-proofing-cabinet-clear-door/461C519PFC4.html
https://www.amazon.com/dp/B07VZDXV2D?tag=putpro99-20
https://www.sparkfun.com/products/14236
https://www.sparkfun.com/products/13637?_ga=2.119006217.1860994265.1637182700-836074361.1630015895&_gac=1.178382224.1637268295.EAIaIQobChMIyt7k1uOi9AIVwx-tBh3ZAAH6EAAYASAAEgIVj_D_BwE
https://www.sparkfun.com/products/13637?_ga=2.119006217.1860994265.1637182700-836074361.1630015895&_gac=1.178382224.1637268295.EAIaIQobChMIyt7k1uOi9AIVwx-tBh3ZAAH6EAAYASAAEgIVj_D_BwE
https://www.sparkfun.com/products/13637?_ga=2.119006217.1860994265.1637182700-836074361.1630015895&_gac=1.178382224.1637268295.EAIaIQobChMIyt7k1uOi9AIVwx-tBh3ZAAH6EAAYASAAEgIVj_D_BwE
https://www.sparkfun.com/products/13637?_ga=2.119006217.1860994265.1637182700-836074361.1630015895&_gac=1.178382224.1637268295.EAIaIQobChMIyt7k1uOi9AIVwx-tBh3ZAAH6EAAYASAAEgIVj_D_BwE
https://www.amazon.com/Metaland-Electric-Solenoid-Normally-Closed/dp/B09WRWD6HY/ref=sr_1_20_sspa?adgrpid=1332608664186610&hvadid=83288113507866&hvbmt=bp&hvdev=c&hvlocphy=71399&hvnetw=o&hvqmt=p&hvtargid=kwd-83288398757291%3Aloc-190&hydadcr=16137_10649574&keywords=co2%2Bregulator%2Bwith%2Bsolenoid%2Bvalve&qid=1656403586&sr=8-20-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExUk82VEFMMDVLRTFWJmVuY3J5cHRlZElkPUEwNjk0MDk5MlRLNlpQOVo3R0FZWCZlbmNyeXB0ZWRBZElkPUEwMTgzMjIwMzRDSTE0ME9MVlNUNCZ3aWRnZXROYW1lPXNwX210ZiZhY3Rpb249Y2xpY2tSZWRpcmVjdCZkb05vdExvZ0NsaWNrPXRydWU&th=1
https://www.amazon.com/Metaland-Electric-Solenoid-Normally-Closed/dp/B09WRWD6HY/ref=sr_1_20_sspa?adgrpid=1332608664186610&hvadid=83288113507866&hvbmt=bp&hvdev=c&hvlocphy=71399&hvnetw=o&hvqmt=p&hvtargid=kwd-83288398757291%3Aloc-190&hydadcr=16137_10649574&keywords=co2%2Bregulator%2Bwith%2Bsolenoid%2Bvalve&qid=1656403586&sr=8-20-spons&spLa=ZW5jcnlwdGVkUXVhbGlmaWVyPUExUk82VEFMMDVLRTFWJmVuY3J5cHRlZElkPUEwNjk0MDk5MlRLNlpQOVo3R0FZWCZlbmNyeXB0ZWRBZElkPUEwMTgzMjIwMzRDSTE0ME9MVlNUNCZ3aWRnZXROYW1lPXNwX210ZiZhY3Rpb249Y2xpY2tSZWRpcmVjdCZkb05vdExvZ0NsaWNrPXRydWU&th=1
https://www.amazon.com/SainSmart-101-70-102-8-Channel-Relay-Module/dp/B0057OC5WK?th=1
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time. Useful for scaling up 

production. 

Air pump 

 

SUNSUN AC0-

002 

Walmart Draw air out of headspace into 

k30 sensor for c02 reading 

 

Silicon tubing 

 

1-1217-silicone 

Amazon Direct airflow into bioreactors 

and out towards the CO₂ sensor 

 

Air filters 

 

MH554 

Made-In-

China 

Filter incoming air to reduce risk 

of contamination and reduce 

moisture in air flows out of the 

bioreactor. 

 

12 V power 

supply 

 

PS1-320W-SC-

12 

Circuit 

Specialists 

Supply power to 12 v air pumps  

 

Rotameters 

 

King 7530  

Instrumart Maintain a constant airflow out 

of the bioreactor into the CO₂ 

sensor 

 

Temperature 

Sensor - 

Waterproof 

(DS18B20) 

Sparkfun Extra temperature readings for a 

better understanding of 

temperature gradient in the 

reactor 

 

 

https://www.walmart.com/ip/SUNSUN-AC0-002-Electrical-Magnetic-Air-Pump-35-watts-40L-min/903125726?athAsset=eyJhdGhjcGlkIjoiOTAzMTI1NzI2IiwiYXRoc3RpZCI6IkNTMDU1fkNTMDA0IiwiYXRoZWUiOnsiYSI6Ny4xMSwiYiI6MTg4LjEzLCJ3IjowLjAzNDAyMjE1ODYyMzc0MzM1LCJsIjowLjV9LCJhdGhwb3NiIjoiMCIsImF0aGFuY2lkIjoiNzc4OTY0OTcxIiwiYXRocmsiOjAuMH0=&athena=true
https://www.amazon.com/Quickun-Silicone-Brewing-Kegerator-Aquaponics/dp/B08BCRV1FY/ref=asc_df_B08BCRV1FY?tag=bingshoppinga-20&linkCode=df0&hvadid=80814196415809&hvnetw=o&hvqmt=e&hvbmt=be&hvdev=c&hvlocint=&hvlocphy=&hvtargid=pla-4584413745063536&th=1
https://homayfilter.en.made-in-china.com/product/QECYvIPuXShN/China-Manufacturer-Pes-PP-Filter-0-45-Micron-Filter-Cartridge-Capsule-Filters.html
https://www.circuitspecialists.com/12-volt-25-amp-power-supply-PFC
https://www.circuitspecialists.com/12-volt-25-amp-power-supply-PFC
https://www.instrumart.com/products/10153/king-instrument-7520-7530-series-rotameter
https://www.sparkfun.com/products/11050
https://www.sparkfun.com/products/11050
https://www.sparkfun.com/products/11050
https://www.sparkfun.com/products/11050
https://www.sparkfun.com/products/11050
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Figure A1 3D-printed porous pipe holders designed for ball bearings and O-ring insertions, 

utilized in various tested aeration methods to enhance airflow distribution.  

 

 

Figure A2 Eagle schematic illustrating the key hardware components used in these experiments, 

including the ESP32 and Arduino mega microcontrollers (Arduino mega can be used in place of 

Arduino for additional pins), sensors for measuring moisture, humidity, temperature, and CO₂ 
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levels, as well as relays controlling the heating and humidifying elements (proofer and 

humidifier) for environmental regulation during fermentation. 

 

 

Figure A3 Chitin from BSFL after chemical extraction. 

 

 

Figure A4  Initial aeration designs tested  
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TableA2 Code necessary for logging transmitting data from an esp32 over Wi-Fi to a 

Google sheet. 

Esp32 function 

to send data to 

the Google 

Sheet 

void write_to_google_sheet(String params) { 

   HTTPClient http; 

   String 

url="https://script.google.com/macros/s/"+GOOGLE_SCRIPT_ID+"/

exec?"+params; 

   //Serial.print(url); 

    Serial.println("Postring GPS data to Google Sheet"); 

    //--------------------------------------------------------------------- 

    //starts posting data to google sheet 

    http.begin(url.c_str()); 

    

http.setFollowRedirects(HTTPC_STRICT_FOLLOW_REDIRECTS); 

    int httpCode = http.GET();   

    Serial.print("HTTP Status Code: "); 

    Serial.println(httpCode); 

    //--------------------------------------------------------------------- 

    //getting response from google sheet 

    String payload; 

    if (httpCode > 0) { 

        payload = http.getString(); 

        Serial.println("Payload: "+payload);      

    } 

    //--------------------------------------------------------------------- 

    http.end(); 

} 

 

Google script 

to receive data 

from esp32 

var ss = 

SpreadsheetApp.openById('1ifvlZzQxktIj14ldMnh5AA7GSA7vIIceP

Qyau6XlAQg'); 

var sheet = ss.getSheetByName('Sheet1'); 

 

function doGet(e){ 

  //---------------------------------------------------------------------------------

- 

  //write_google_sheet() function in esp32 sketch, is send data to this 

code block 

  //---------------------------------------------------------------------------------

- 

  //get gps data from ESP32 
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  if (e.parameter == 'undefined') { 

    return ContentService.createTextOutput("Received data is 

undefined"); 

  } 

  //---------------------------------------------------------------------------------

- 

  var dateTime = new Date(); 

  co2_1   = e.parameters.co2_1; 

 

  

  //Logger.log('latitude=' + latitude); 

  //---------------------------------------------------------------------------------

- 

  var nextRow = sheet.getLastRow() + 1; 

  sheet.getRange("A" + nextRow).setValue(dateTime); 

  sheet.getRange("B" + nextRow).setValue(co2_1); 

 

 

  //---------------------------------------------------------------------------------

- 

 

  //returns response back to ESP32 

  return ContentService.createTextOutput("Status Updated in Google 

Sheet"); 

  //---------------------------------------------------------------------------------

- 

} 

 

 


