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Chapter 1 
General introduction 
 

 

1.1. Research background 

Oils and fats play an important role in the biological functions of plants and animals [1]. 

Oils and fats are best known for their role as a source of energy, providing 9 kcal of energy per gram, 

which is more than twice as much as other nutrients such as carbohydrates and proteins [2]. Also, 

linoleic acid, alpha-linolenic acid, and arachidonic acid in oils and fats are essential for humans, but 

cannot be synthesized in their body. Thus, they must be taken in through diet [3]. In addition to the 

foods mentioned above, oils and fats are widely used around the world in chemical products, industrial 

applications, and fuel, therefore, oils and fats are essential resources for human life. 

The production of vegetable oils reached over 200 million metric tons (mt) in 2024 [4]. 

Among them, palm oil is currently the most produced and used for various applications because its 

cultivation is characterized by lower prices and higher productivity per unit area than other vegetable 

oils [4, 5]. However, the palm oil industry faces various issues such as environmental and human rights 

concerns [5, 6]. Additionally, oil palm trees can only be cultivated fundamentally in tropical regions 

such as Malaysia and Indonesia. Thus, there is a risk that climate change caused by global warming 

may further reduce cultivation areas in the future [7]. For these reasons, considering a sustainable and 

stable supply of oil and fat, there is a need for alternatives that can replace vegetable oils such as palm 

oil. 

In this thesis, oleaginous microorganisms that accumulate oil and fat in cells [8] were 

focused on. Some of them can produce oil and fat from low-cost food residues, enabling an economical 
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and sustainable process. Therefore, the development of a low-cost and stable method for supplying 

alternative palm oil by using the microorganisms and food residues was considered. 

 

1.2. Structure and characteristics of oil and fat 

Oils and fats are organic compounds formed by the ester bonds between fatty acids and 

glycerin (glycerol), mainly referring to triglycerides (triacylglycerols, TAG) (Fig. 1.1). The properties 

of TAG depend on the types of fatty acids in their composition and their configuration. Considering 

the number of possible combinations, there are n3 (where n is the number of fatty acids) combinations, 

which means that there are a wide variety of TAG with diverse properties. In particular, fatty acids are 

classified into unsaturated fatty acids, which contain double bonds in their structure, and saturated 

fatty acids, which do not. Oils and fats with high contents of unsaturated fatty acids are often liquid at 

room temperature (normally called “oils”, e.g., olive oil and rapeseed oil), while oils and fats with rich 

saturated fatty acids are solid (normally called “fats”, e.g., butter and lard) [9]. In addition, the length 

of the carbon chains of the constituent fatty acids and their stereochemical positions affect 

crystallization, which in turn affects the rheological properties, hardness, melting point, and other 

properties of oils and fats [10]. 
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1.3. Oil and fat application and challenges 

Oils and fats are widely used around the fields in food, chemical products, and industrial 

applications due to their diverse chemical and functional properties. In food applications, oils and fats 

contribute to flavor and physical properties. For example, butter enhances flavor with its aroma and 

acts as an emulsifier to make foods soft and creamy [11]. Also, as oils and fats used for frying (e.g., 

for fried noodles and snack foods), they must be chemically stable, mainly for oxidation, at high 

temperatures. Therefore, oils and fats with a high proportion of saturated fatty acids are used, which 

are highly stable due to no double bonds in their structure [12]. Additionally, to prevent oil leakage 

from the fried products during transportation and storage, oils with solid properties at room 

temperature are preferred, such as palm oil, which is commonly used as frying oil, has a melting point 

of about 35°C and is solid at room temperature, making it suitable for the manufacturing of them [4]. 

As chemical products, fatty acids such as lauric acid mainly derived from palm oil are 

chemically converted through esterification and alkylation to produce surfactants, which are then 

processed into the products such as shampoos, conditioners, and detergents [13]. 
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In industrial applications, oils and fats are sometimes used as fuels and lubricants. Also, fatty 

acid methyl esters obtained by reaction of TAG with methanol are used as biodiesel fuels [14]. In 

recent years, with the global demand for carbon neutrality, biodiesel fuel has been attracting attention 

due to its carbon neutrality [15]. Therefore, the demand for oil and fat as a substitute for fossil fuels is 

expected to continue to increase year by year. 

In fact, the total production of vegetable oils, including coconut oil, cottonseed oil, olive oil, 

palm kernel oil, peanut oil, rapeseed oil, sunflower oil, soybean oil, and palm oil, was approximately 

80 million metric tons (mt) in 2000, and then reach 223.8 million metric tons (mt) in 2024 [4]. 

Furthermore, global demand for vegetable oils is predicted to increase by 46% by 2050 compared to 

2020 levels [16]. Among them, palm oil is the most produced [4], with its production increasing by 

229% from 2000 to the present. And it is expected that global palm oil production will exceed 80 

million tons over the two-year period of 2024/2025 [4]. This significant increase in production 

highlights the importance of palm oil, which is now the most important edible oil and industrial oil in 

the world, accounting for more than 35% of global vegetable oil production. The high cultivation 

efficiency and low cost of palm oil cultivation are the main factors behind the increase in production  

[4, 5]. However, the palm oil industry faces various issues such as environmental destruction, climate 

change risk and human rights concerns [5, 6, 7]. Therefore, from the point of view of a sustainable and 

stable supply of oil and fat resources, vegetable oils alternatives such as palm oil are urgently needed. 

 

1.4. Oleaginous microorganisms 

Table 1.1 summarizes various oleaginous microorganisms and their oil and fat contents 

reported, including bacteria, fungi, microalgae and yeast. They are defined as the microorganisms that 

accumulate oil and fat as TAG equivalent to more than 20% of their cell weight [8]. In addition, they 
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have shorter life cycles and higher production efficiency than animals and plants, making them 

attractive as oil and fat alternatives. 

 

Table 1.1 Types of oleaginous microorganisms and their oil and fat content. 

        

Species Organisms 
Oil and Fat Contents  

%(w/w) 
References 

Bacteria Rhodococcus sp. 33 [17] 

 Streptomyces sp. 50 [17] 

  Bacillus subtilis 40 [18] 

Fungi Mortierella alpina 52 [20] 

 Mortierella alliacea  42 [21] 

  Mucor moelleri 24 [22] 

Microalgae Chlorella sp. 54 [23] 

  Botryococcus braunii 32 [24] 

Yeast Yarrowia lipolytica 89 [26] 

 Rhodosporidium toruloides 77 [26] 

  Lipomyces starkeyi 87 [26] 

    

 

 

1.4.1. Various types of oleaginous microorganisms 

Among bacteria, the genera Rhodococcus [17], Streptomyces [17], and Bacillus [18] are 

known as oleaginous microorganisms. For example, Streptomyces sp. strain G25 showed 50% lipid 

(TAG and fatty acids) accumulation by dry cell weight in a medium using cellobiose as a carbon source 

[17]. However, in general, the lipid productivity of bacteria is not as high as that of other oleaginous 

microorganisms, so their suitability as alternative producers of inexpensive oil and fat is not high.  

In filamentous fungi, oils and fats produced by Mortierella alpina are characterized by their 

high content of arachidonic acid, an essential fatty acid. Furthermore, they have been certified as 

GRAS (Generally Recognized as Safe) by the US Food and Drug Administration (FDA) and are being 
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investigated for commercialization [19]. However, their oils differ from vegetable oils and animal fats 

in their fatty acid composition, and their TAG production is not as high as that of other oleaginous 

microorganisms [20-22].  

Microalgae are actively being studied because they can contribute to the prevention of global 

warming, and to the establishment of a recycling-oriented society. They have the ability to grow and 

produce organic matter through photosynthesis using carbon dioxide as a carbon source, and to 

accumulate part of this organic matter as oil and fat [23, 24]. However, they also have some issues 

such as low productivity, the need for vast cultivation areas for photosynthesis, and the risk of 

contamination due to their open cultivation environment [25]. 

 

1.4.2. Oleaginous yeasts 

1.4.2.1. Characteristics and types of oleaginous yeasts 

A yeast species called oleaginous yeasts is thought to have the potential to solve the 

problems of oleaginous microorganisms described above. Oleaginous yeast can accumulate lipids up 

to 70% of their dry weight, which have a fatty acid profile similar to vegetable and fish oils, making 

it suitable for a variety of applications, including biofuels and foods [26, 27]. Furthermore, they are 

known for their broad sugar utilization and can produce oils using sugars derived from inedible 

biomass as a carbon source [27, 28]. Fig. 1.2 shows a comparison between oil production from 

conventional oil plants and oleaginous yeast. Oil plants have advantages in terms of price and usage 

experience, while the oils from oleaginous yeast can be produced in culture tanks, so it does not require 

large areas of land or specific climatic condition. This offers significant advantages in terms of 

environmental destruction, climate change risk, and stable supply, resulting in active research in recent 

years [29, 30]. 
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Yarrowia lipolytica [31], Rhodosporidium toruloides [32] and Lipomyces starkeyi [33] are 

well known as oleaginous yeasts. Y. lipolytica, the most representative oleaginous yeast, has long been 

studied as a model organism, which can accumulate more than 20% of oil by dry cell weight. However, 

in terms of oil productivity, it is generally considered to be less advantageous than R. toruloides and 

L. starkeyi [26, 31]. R. toruloides is an oleaginous yeast known for its high oil productivity, 

characterized by the accumulation of red oil containing carotenoids in the cells [26, 32]. It has also 

been shown to exhibit high cell density and high oil-to-sugar conversion rate, making it a yeast with 

growing potential as a producer of alternative oils and fats [26, 29]. 

 

1.4.2.2. Lipomyces starkeyi 

L. starkeyi has been reported to have the ability to accumulate intracellular oil by a dry cell 

weight ratio of more than 85% [26, 34]. The fatty acid composition of its oil is mainly oleic acid and 

palmitic acid, which is highly similar to that of palm oil (Table 1.2) [35, 36].  
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Table 1.2 Fatty acid composition (%) of various vegetable oils. 

The fatty acid composition of L. starkeyi was referenced from the report by Yamazaki et al. [35]. Other 

than those described below was based on the report by Alves et al. [36]. Example: “C16:1” means that 

carbon chain length is 16 and there is one unsaturated bond. 

 

Additionally, it is known to have the ability to utilize a wide range of sugars, including 

glucose, xylose, arabinose, galactose, mannose, and cellobiose [37], making it a subject of active 

studies on the effective utilization of wastes (Table 1.3) [38-45].  

 

 

 

 

  

Palmitic 

acid 

（C16:0） 

Palmitoleic 

acid 

（C16:1） 

Stearic acid  

（C18:0） 

Oleic acid 

（C18:1） 

Linoleic 

acid 

（C18:2） 

Others 

L. starkeyi 35.7 3.1 5.5 46.5 3.7 5.5 

Palm 39.6 5.4 - 42.9 8.9 3.2 

Canola 4.5 3.3 - 65.7 15.1 11.4 

Corn 12.9 2.2 - 19.9 68.1 - 

Grapeseed 7.2 4.8 - 19.9 68.1 - 

Olive 11.0 4.3 0.1 75.7 4.8 4.1 

Soybean 12.2 6.5 0.1 29.1 44.1 8.0 

Sunflower 5.5 4.2 - 26.2 64.1 - 
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Table 1.3 Examples of oil production using L. starkeyi from waste materials. 

        

Material Pretreatment Products Reference 

Potato starch wastewater - 
Biomass yield 2.59 

Oil content 8.88 
[39] 

Soluble starch - Oil yield 6 [40] 

Sugarcane bagasse Hydrolysis 

Biomass yield 9.6 

Oil yield 2.51 

Oil content 26.1 

[41] 

Soybean hulls Hydrolysis 
Biomass yield 26.5 

Oil content 42.5 
[42] 

Rice straw Hydrolysis 

Biomass yield 12.76 

Oil yield 4.55 

Oil content 35.65 

[43] 

Volatile fatty acids - 

Biomass yield 30.0 

Oil yield 5 

Oil content 16.8 

[44] 

Olive oil mill wastewater - 

Biomass yield 10.4 

Oil yield 0.23 

Oil content 22.4 

[45] 

Biomass yield (g/L) = g dry cell weight/ L culture medium, Oil yield (g/L) = g oils produced/ L culture 

medium, Oil content (%) = g oils produced/ g dry cell weight 

 

It has a particularly high starch utilization capacity, and has been reported to produce oil 

from starch and potato starch wastewater [39, 40, 46]. Also, L. starkeyi has an excellent ability to 

utilize non-edible biomass, proposed by several studies on oil production from hemicellulose 

degradation products (sugarcane bagasse, soybean hulls, rice straw, etc.), which is plant cell wall 

components [41-43]. As described above, L. starkeyi can produce oil and fat efficiently not only from 

glucose, which is commonly used, but also from wastes containing multiple types of sugars and 



10 

 

inedible biomass. These advantages allow for reduced culture costs and make it a suitable alternative 

oil producer, as an alternative for palm oil with high demand worldwide. 

 

1.5. Process of oil production by L. starkeyi 

1.5.1. Process flow and oil extraction 

Since the L. starkeyi accumulates oil within its cells, extraction and purification processes 

are necessary for production and practical application of the oil. In previous studies, the following 

processes have been implemented to obtain oil as shown in Fig. 1.3 [35, 47-49]: (1) culture, (2) cell 

collection, (3) freeze-drying, (4) cell crushing, (5) extraction, and (6) purification.  

 

Freeze-drying is performed to improve the efficiency of physical cell crushing, but it 

requires a significant amount of power. The disruption process of dried cells typically employs batch-

type methods such as bead shockers and ball mills. Organic solvent extraction was performed by 

chloroform and methanol due to high efficiency of oil extraction and recovery. However, they are not 

suitable for the food industry because of its harmfulness to the human body. 

Therefore, it is necessary to consider continuously processing without a drying step by 

crushing cells in liquid and supplying the treated culture liquid to the oil extraction process. However, 
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the treated culture is strongly emulsified by water, yeast oil, and yeast-derived components. Thus, 

extraction using hexane, which is a conventional extraction method in the food industry, should be 

difficult [50]. 

 

1.5.2. Cost for oil production 

As mentioned above, palm oil is cheaper than other vegetable oils, with the price of crude 

palm oil in 2022 was 5,087 RYM per ton (approximately US$1,094 at the time) [51]. The conversion 

rate of sugar to oil by oleaginous yeast is about 20-30% [52]. Therefore, the price of sugar as raw 

material must be less expensive than US$200 to US$300 per ton for the oil production to be profitable. 

This simple calculation does not account for other process costs such as medium components, labor, 

and energy costs. On the other hand, the price of glucose was approximately US$900 per ton in 2025 

[53], and it is clear that the use of glucose for oil production by yeast is not feasible from a cost 

perspective. Therefore, the actual price of raw sugar used in oil production by oleaginous yeast must 

be further reduced to ensure economic viability, indicating that research and development to reduce 

culture costs and process costs is critically important. 

In this study, the concept of cost reduction for oil production will be evaluated based on 

the cost per unit weight of oi. For example, if the costs of medium raw materials are reduced by half, 

the cost per unit weight of oil will be half. On the other hand, if the amount of oil obtained per liter 

of culture medium (oil yield) is doubled, the cost per unit weight would also be half. Based on the 

above, strategies for cost reduction can be broadly categorized into two main approaches: (1) 

reducing process costs and (2) increasing oil yield per unit of culture medium. 

 



12 

 

1.5.2.1. Upstream process 

The upstream process of oil production by the yeast is a culture process, and the main 

nutrients in the culture medium are nitrogen and carbon. A previous report showed that culture media 

cost accounts for 60-75% (average: 67.5%) of the total cost, and carbon sources account for 80% of 

culture media cost [27]. Therefore, the cost of nitrogen sources accounts for about 13.5% of the total 

(67.5 - 67.5 × 80/100). In addition, stirring and air supply are necessary to operate the culture tank and 

perform fermentation. The cost of the power required for this is estimated to be about 17.6% [54]. 

Based on the above, the total cost in the upstream process is estimated to be roughly 85%. 

In the medium composition, yeast extract is commonly used as the nitrogen source, and 

glucose as the carbon source [30, 33] (Table 1.4). The research on these raw material substitutes is 

highly effective for reducing medium costs, there are many reports on the utilization of wastes as a 

carbon source [26, 38]. On the other hand, organic nitrogen sources such as yeast extract, peptone, and 

urea show high oil and fat productivity, but are considered economically unfeasible [38]. Nevertheless, 

there are no reports on the replacement of nitrogen sources. 

 

Table 1.4 Culture medium components in oleaginous yeast and their roles. 

      

Type Roles Examples 

Carbon 

sources 

Materials for lipid conversion 

Energy production 

Cell proliferation 

Glucose, Xylose, Cellobiose, Starch, 

Oligosaccharide 

Nitrogen 

sources 

Materials for nucleic acids and proteins 

Cell proliferation 

Organic 

- Yeast extract, Peptone, Urea 

Inorganic 

- NH4
+, NO3

- 

Mineral 

salts 

Auxiliary role in proliferation and lipid 

production 

MgSO4, CuSO4, MnSO4, ZnSO4  
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In yeast, nitrogen components are essential for the synthesis of proteins and nucleic acids 

and are particularly important for cell proliferation. They are classified into organic nitrogen (such as 

proteins, peptides, and amino acids) and inorganic nitrogen (such as ammonia and nitrate). In the report 

on budding yeast, Saccharomyces cerevisiae, glutamic acid is said to supply 85% of total cellular 

nitrogen, with glutamine supplying the remaining 15% [55]. This report is consistent with reports that 

organic nitrogen contributes greater oil productivity than inorganic nitrogen in the oleaginous yeast.  

 

1.5.2.2. Downstream process 

 The downstream processes is the process after oil and fat production by yeast cells in the 

culture process. They involve cell collection and freeze-drying in conventional methods, resulting in 

high energy cost. According to the results of cost estimates for upstream processes, the proportion of 

total downstream costs is approximately 15%. The cell collection process is considered to account for 

25-60% of the downstream process cost [56]. Referring to a report evaluating the economic efficiency 

of oil production using oleaginous yeast, the crushing process is estimated to account for 7%, and the 

oil extraction process is expected to account for 33% of the downstream process [54]. Therefore, there 

is a need to develop a new production process that are energy-saving and cost-effective focusing on 

cell collection and oil extraction.  

 

1.6. TAG synthesis mechanism in L. starkeyi 

 The basic mechanism of TAG synthesis by L. starkeyi has been clarified, and an example 

using glucose as a sugar source is shown in Fig. 1.4. Glucose taken up from the extracellular is 

converted into glycerol-3-phosphate, one of the components of TAG, by the glycolysis pathway or the 

pentose phosphate pathway. Fatty acids, another component, are synthesized from acetyl-CoA and 

malonyl-CoA produced when glucose is taken up from the glycolysis pathway into the tricarboxylic 
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acid (TCA) cycle. Then, glycerol-3-phosphate and fatty acids combine, and TAG is synthesized in the 

endoplasmic reticulum [38, 57].  

Fig. 1.4 TAG synthesis pathway in L. starkeyi. 

Abbreviation in Fig. 1.4: F-6-P, Fructose-6-phosphate; G-3-P, Glyceraldehyde-3-phosphate; PEP, 

Phosphoenolpyruvate; Glycero-3-P, Glycerol-3-phosphate; Lyso-PA, Lysophosphatidic acid; DAG, 

Diacylglycerol; TAG, Triacylglycerol; PPP, Pentose Phosphate Pathway; α-KG, α-Ketoglutaric acid; 

ICDH, Isocitrate dehydrogenase; AMP, Adenosine monophosphate; IMP, Inosine monophosphate. 

 

Also, nitrogen source limitation is considered to be one of the main factors affecting oil 

accumulation in oleaginous microorganisms, and the following mechanisms have been reported [33]: 

When nitrogen sources are limited, intracellular adenosine monophosphate (AMP) is cleaved to 

provide ammonium ions (NH4
+). The decrease of AMP concentration reduces the activity of isocitrate 

dehydrogenase (ICDH) in the TCA cycle in mitochondria, which causes an accumulation of isocitrate. 

This leads to negative feedback in the TCA cycle, resulting in citric acid accumulation and release into 

the cytosol. This citric acid activates the fatty acid synthesis and the oil/lipid (mainly triacylglycerol, 
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TAG) synthesis pathways. TCA cycle is a metabolic system for cell proliferation associated with 

nucleic acid synthesis. Therefore, to increase the oil yield per culture, TCA cycle should predominate 

in the presence of nitrogen components in the first half of the culture. Then, the metabolic system 

should be shifted to fatty acids and TAG synthesis in the absence of nitrogen components in the second 

half of the culture process. As a result, more yeast cells with high oil accumulation were obtained, and 

the oil yield per culture increased.  

 

1.7. Membrane and membrane separation technology 

 There are various technologies for separating substances, such as distillation [58], 

crystallization [59], extraction [60], and membrane separation [61]. Membrane separation utilizes a 

sieving effect by pore on the membrane surface and interactions between the membrane surface and 

substances to perform various separation operations. The operation include removing particles 

contained in liquids or gases, filtering substances dissolved in solutions, and concentrating and 

purifying substances. In membrane filtration, the membrane behaves as a semi-permeable material 

and controls the transport rate of various molecules between two liquid phases. The most commonly 

used process is a pressure-driven membrane process, which utilizes applied pressure to push water 

molecules through the membrane [61]. In this process, larger particles are retained and concentrated 

in a feed, called retentate, and the water that passes through the membrane is called permeate. 

Membrane filtration is energy efficient, easy to operate, and low maintenance costs, however, 

membrane uncleanliness (called fouling) is a significant issue [62]. Membrane fouling causes a 

decrease in permeate flux due to substances (called foulant) on the membrane surface or within the 

pores, requiring expensive chemical cleaning to reduce the effects of fouling [63].  

Membrane performance is evaluated based on two factors, permeate flux (treatment speed) 

and rejection rate (selectivity). Fouling affects both factors, so the ease of recovery from fouling 
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through cleaning are also important factors. They affect the frequency of membrane replacement in 

processes and are therefore considered important aspects of membrane functionality from an economic 

perspective [64, 65]. Regarding the evaluation criteria for these membrane properties, active research 

is being conducted to improve performance through the examination of membrane materials, surface 

patterning, and pretreatment methods [64]. On the other hand, it is also important to select membranes 

and operating conditions that are suitable for each specific application process [66]. As noted above, 

membrane processes involve numerous factors, and detailed examination of each factor contributes to 

the advancement of membrane technology. 

 

1.7.1. Types and characteristics of membranes 

 Membranes are generally classified depending on a material into polymer-based organic 

membranes or inorganic ceramic membranes [67]. Furthermore, they are classified into microfiltration 

(MF) membranes, nanofiltration (NF) membranes, ultrafiltration (UF) membranes, and reverse 

osmosis (RO) membranes based on molecular weight cut-off (MWCO) [68]. Fig. 1.5 shows the 

performance of membrane processes for various sizes of target components in water.  
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Fig. 1.5 Types of membranes and separation targets. 

 

MF is suitable for removing microorganisms such as bacteria and yeast, as well as particles, 

and is therefore used in sterilization filters and liquid clarification [69-71]. UF is suitable for separating 

high-molecular-weight substances such as proteins and is used for protein removal in research 

applications and as a pretreatment for RO membrane processing [72, 73]. The studies of UF are being 

conducted on improving fouling resistance by coating the surface as a membrane modification [73, 

74]. NF has features between UF and RO, and in addition to separation by pores, it has properties such 

as high permeability and fouling resistance through modification such as membrane surface coating 

and graft polymerization [75, 76]. RO is suitable for treating seawater and wastewater because they 

block almost all substances other than water. In wastewater treatment, chemical fouling and biofouling 

caused by various organic substances and microorganisms often reduce permeate flux. To solve this 

problem, many technologies have been developed to suppress the adhesion of microorganisms and 

organic matter by controlling the surface charge or modifying the surface with hydrophilic polymers 

[77-80].  
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1.7.2. Application of membrane technology 

Recently, membrane technologies have been widely applied in various fields, such as the 

food industry [70, 71, 81], drinking water production [82-84], biotechnology [85, 86], and wastewater 

treatment [66, 87, 88], taking advantage of their respective characteristics. Also, membrane separation 

technologies are promising for the separation, concentration, and purification of useful substances 

particularly because the properties of them can be maintained by using moderate temperatures during 

the processes [89]. For example, there are examples of recovering high value-added compounds, such 

as research on separating and recovering phenols from food processing waste using membranes [90] 

and recovering ammonia from anaerobic digested materials [91]. In addition, in the biomass enzymatic 

hydrolysis process, enzymes are recovered from the post-reaction solution and reused to improve cost 

efficiency [92]. Enzymes are particularly sensitive to heat, so membrane filtration systems are 

attractive because they can be used under mild conditions that do not affect enzyme activity. In the 

field of material production using microorganisms, there are examples of membrane use bioethanol 

production process using yeast. Membrane distillation processes have been investigated for ethanol 

recovery and concentration of sugars used in culture media, contributing to the development of simple 

and energy-efficient processes [93, 94]. 

 

1.8. Current challenges in oil production by L. starkeyi 

 Oils produced using the oleaginous yeast L. starkeyi is highly expected to be a substitute for 

palm oil worldwide, but it faces various challenges including production costs and application for food 

industry. However, the research related to these issues is insufficient to make its production 

economically viable. 

 First, regarding the upstream process, the use of low-cost food residues as culture media is 

very effective in reducing costs, but there are no reports on alternatives to nitrogen sources. Therefore, 
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research is needed on nitrogen substitutes that can achieve high oil production while maintaining 

productivity.  

 Next, in the downstream process, namely oil extraction and purification, most reports 

indicate that batch-type processes with high energy consumption and organic solvents unsuitable for 

food processing are used. Membrane separation technology, which is used in bio production, is often 

used as a low-energy and suitable for continuous processes. However, there are no report of the 

introduction of membrane processes in the oil production process of oleaginous yeasts, including L. 

starkeyi.   

 

1.9. Purpose and overview of this dissertation 

 Therefore, as mentioned above, this research aims to solve the two challenges, (1) expensive 

nitrogen nutrient for oil production by yeast (2) batch-type processes with high energy consumption 

and organic solvents unsuitable for food processing. Finally, this research aims to establish a novel oil 

production process of L. starkeyi, which is low-cost and food-grade process.  

To this end, the introduction of membrane separation technology into the upstream and 

downstream processes was investigated. In addition, research was conducted on alternative nitrogen 

source in the culture process with the aim of achieving higher oil productivity. 

This dissertation includes five chapters as shown below. 

Chapter 1: The research background and objectives of this research are generally introduced. 

Chapter 2: In this chapter, a food-grade and cost-effective process for oil from oleaginous 

yeast L. starkeyi was investigated, proposing a novel process that eliminates freeze-drying step. The 

conventional crushing process without drying faces challenges due to oil emulsification, which hinders 

oil extraction. A new separation method, nonwoven filtration separation, was applied to the emulsified 

solution, and a 3:1 hexane/ethanol mixture was effective for oil extraction. The new process reduced 
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energy consumption and processing costs to 26% and 34% of the conventional method in oil extraction, 

respectively. Additionally, achieving high-efficiency oil extraction and recovery while using solvents 

suitable for food processing is noteworthy. This efficient process has the potential to support the 

practical application of edible palm oil substitutes. 

Chapter 3: Chapter 2 focuses on the downstream process of oil production derived from the 

yeast, however, it is also necessary to reduce the cost in upstream process for reducing the cost of the 

oil. Therefore, in this chapter, the utilization of okara, a byproduct of tofu and soymilk, for nitrogen 

source of culture medium was examined. The okara medium showed lower oil yield than conventional 

medium probably due to high viscosity caused by high content of insoluble solids in okara. Therefore, 

oil yield was greatly improved by using an extract of nitrogen components from okara. As further 

optimization of culture condition, okara extract solution concentrated with NF, UF, and RO 

membranes were utilized in the culture medium. Culture medium using 5-fold NF membrane-enriched 

resulted in better oil yields than yeast extract or okara extract. There was a positive correlation between 

total nitrogen concentration and oil yield up to a certain threshold, after which yields leveled off or 

decreased. This result suggested that the NF membrane concentration process was optimal at a cutoff 

of about 500 Da, balancing the concentration of growth-promoting components with the permeation 

of inhibitory substances. These findings have achieved a significant cost reduction of the culture 

medium and high oil yield in yeast oil production. 

Chapter 4: In Chapter 3, extraction of okara component and membrane concentration 

process was investigated to solve the problem of using okara solid medium for oil production. In 

contrast, in this chapter, the possible deficiency of nitrogen nutrient components in the initial 

environment in okara medium was focused on. Therefore, the effect of inorganic nitrogen addition 

was examined. Among them, ammonium sulfate addition significantly increased oil yield in okara 

medium, exceeding that of conventional medium. And the culture experiments results indicated that 
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the combination of SO4
2- and NH4

+ ions was important for this effect. Furthermore, metabolomic 

analysis of the culture supernatant strongly suggested that the addition of ammonium sulfate activated 

glutathione-related metabolic pathways and ammonia assimilation pathways. These pathways may 

contribute to maintaining cellular functions and improving oil productivity. In addition, the cost of 

nitrogen source materials for the oil production medium was significantly reduced compared to the 

conventional. This study is the first report showing that oil yield can be improved in L. starkeyi by 

adding inorganic nitrogen to okara medium, and that ammonium sulfate affects GSH metabolism and 

oil yield. 

Chapter 5: A summary of this dissertation is given. 
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Chapter 2 
 

Simple and economical downstream process development for 

edible oil production from oleaginous yeast Lipomyces starkeyi 

 

2.1. Introduction 

The oil produced by Lipomyces starkeyi (hereinafter referred to as yeast oil), is expected to 

be a sustainable alternative because its fatty acid composition and characteristics are similar to that of 

palm oil [35, 36]. However, the production process of yeast oil remains at the research level, using 

reagents in media and organic solvents that are not recognized as edible. In the proposed yeast oil 

production process, the cell recovery and freeze-drying (freezing and vacuum drying) methods enable 

efficient cell crushing and allow for high-yield oil recovery using organic solvents due to their low 

moisture content [35, 95]. However, these methods are particularly time-consuming and require large 

amounts of energy because of the freezing and heating processes involved. In addition, batch crushing, 

for example, using a ball mill, is commonly used in the cell crushing process; however, it is unsuitable 

for practical processes because it requires considerable labor for the production of a large amount of 

oil.  Instead, crushing cells in the liquid culture and feeding the crushed culture for the oil extraction 

step should be considered for continuous processing. Regarding the extraction of oil using solvents, 

the Bligh and Dyer method or Folch method, which uses chloroform and methanol to extract lipids, is 

a well-known procedure and have been applied to oil extraction from oleaginous yeast [96–98]. 

However, because chloroform and methanol are among hazardous solvents, alternative and safe 

solvents are needed. Extraction using safer solvents such as hexane and cyclopentyl methyl ether have 
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been studied, but they require complex pre-treatment procedures to obtain high recovery ratios [99-

103]. 

Because palm oil is especially cheap among edible oils, it is difficult to industrialize yeast 

oil production using the conventional process from the viewpoint of throughput and cost. Therefore, 

a new process must be developed. To omit the batch-type processes of cell recovery and freeze-drying, 

a method involving the disruption of cells in the culture medium and the recovery of yeast oil has been 

proposed. However, the resulting cell disruption solution strongly emulsifies due to the presence of 

water, yeast oil, and disrupted yeast, making hexane-added extraction, a common extraction method 

in the food industry, still challenging [50]. 

This chapter aimed to establish a food-grade and cost-effective process for oil production 

from L. starkeyi. Filtration separation and various combinations of organic solvents were examined in 

order to overcome the difficult oil extraction from emulsified solutions generated by crushing yeast 

culture liquid. As organic solvents, hexane, ethanol, and 2-propanol, which are applicable to food 

processing, were used. Oil recovery rate, extraction efficiency, and TAG selectivity were analyzed and 

evaluated. Further, the energy consumption of the proposed process and its required costs were also 

estimated. 

 

2.2. Experimental 

2.2.1. Strain and growth conditions 

Lipomyces starkeyi CBS1807 was cultured in a yeast extract/glucose (YG) medium 

containing 5% (w/v) yeast extract (Oriental Yeast Industry, Tokyo, Japan) and 10% (w/v) D (+)—

glucose (Fujifilm Wako Pure Chemical, Tokyo, Japan). Preculturing was performed using a 500 mL 

baffle-flask, including a 100 mL YG medium at 30 °C and 150 rpm. The strain was aerobically cultured 

at 30 °C for 7 days using a microbial 5 L jar fermenter (Able, Tokyo, Japan). The culture conditions 

were as follows: stirring at 600 rpm and an aeration rate of 3 L/min. The D (+)—glucose concentration 
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in the medium was measured four times per day, and D (+)—glucose was added to maintain a 

concentration of 10% (w/v) every time a glucose concentration was measured. Foaming was 

constantly detected using a heating-type antifoaming sensor FOH (Able, Tokyo, Japan) and controlled 

using the silicone antifoaming agent KM-72 (Shin-Etsu Chemical Industry, Tokyo, Japan). All of these 

ingredients have been approved for use in food processing by the Ministry of Health, Labour and 

Welfare of Japan. 

 

2.2.2. Crushing treatment and preparation of emulsifying solution 

Using 1 L of L. starkeyi culture and high-pressure homogenizer (Jyoko, NAGS20), 10 

passes (pulses equal to 10 times the sample volume) of yeast cell crushing was performed at 200 MPa 

at room temperature for 250 min. To confirm the degree of crushing and emulsification, a BX53 

microscope (Olympus, Tokyo, Japan) was used to verify that the particle size was less than 3 µm. 

 

2.2.3. Filtration separation and oil extraction 

Vacuum freeze-drying was performed for 72 hours with a vacuum dryer (Tokyo Rika, freeze 

dryer FD-550P) after pre-freezing (−80 °C) overnight. Centrifugation was performed at 5000 rpm for 

15 min (CR-22N; Eppendorf Himac Technologies, Ibaraki, Japan). The filtration and extraction 

processes are illustrated in Fig. 2.1. Filtration was performed using a nonwoven fabric and 

pressurization using nitrogen gas at 30 kPa. A nonwoven filter (SYNTEX nano 6, Mitsui Chemicals, 

Tokyo, Japan, average pore size: 5.6 μm, frazier ventilation degree: 10 cm3 /(cm2 · s)) was installed in 

a stirred cell with a filtration portion diameter of 47 mm, and 15 mL of the crushed culture was used.  

 

 

https://www.mdpi.com/2227-9717/11/5/1458#fig_body_display_processes-11-01458-f001
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Fig. 2.1 Schematic of the oil extraction processes for the emulsified solutions (crushed L. starkeyi 

culture). Pattern A: monophasic extraction; Pattern B: biphasic extraction (Bligh and Dyer and 

hexane/ethanol methods). 

 

After filtration, the cell residue containing oil on the nonwoven filter was collected, and the 

liquid was obtained as the permeate. The cell residue was then raked using a medicinal spoon and 

transferred into a conical tube. Ten milliliters of pure or mixed combinations of solvents (hexane, 

ethanol, and 2-propanol, Nacalai Tesque, Kyoto, Japan) were added to the conical tube and stirred for 

1 min. After 15 min of standing, centrifugation was performed at 5000 rpm for 15 min. The solvent 

layer was recovered using a pipette (pattern A in Fig. 2.1; monophasic). For the Bligh and Dyer method, 

chloroform and methanol (Nacalai Tesque, Kyoto, Japan) were prepared and extracted as previously 

reported [96, 98]. In the cases of the Bligh and Dyer and hexane/ethanol methods, the layer became 

two phases, and only the upper layer was recovered because it may contain the target yeast oil owing 

to its greater lipophilicity (pattern B, Biphasic). Meanwhile, in both patterns A and B, the recovered 

https://www.mdpi.com/2227-9717/11/5/1458#fig_body_display_processes-11-01458-f001


27 

 

solution was collected in a conical tube and heated at 90 °C for 60 min using a dry-thermo-unit (DTU-

1CN, TITEC, Saitama, Japan) to volatilize the solvent. The weight of oil remaining in the conical 

tubes was measured. 

 

2.2.4. Analysis of fatty acid composition and calculation of TAG equivalent for extracted oil 

The fatty acid composition of the extracted oils was analyzed using the gas chromatography-

hydrogen flame ionization detector (GC-FID). A mixture of chloroform and methanol (2:1) was added 

to the extracted oil sample, heated to reflux, inverted into chloroform, and purified by using column 

chromatography on a silica gel support after the addition of triheptadecanoin as an internal standard. 

A mixture of diethyl ether and hexane (2:98) was used for washing, whereas a mixture of diethyl ether 

and hexane (8:92) was used for elution. After solvent removal, a sufficient amount of hexane and 

sodium methylate (final concentration 0.2 mol/L) was added for methyl esterification. Finally, water 

and acetic acid were added, and the resulting hexane layer was subjected to GC-FID analysis. 

 The TAG equivalent (TAG amount calculated from the fatty acid content) was calculated 

from the results of fatty acid composition analysis and saturated and unsaturated fatty acid quantitative 

analyses. The quantitative analyses of the saturated and unsaturated fatty acids were performed 

simultaneously, and the amount of each fatty acid per 100 g was determined by multiplying the sum 

of saturated and unsaturated fatty acids with the fatty acid composition ratio (%). The TAG equivalent 

was calculated using Equation (2.1) and used as the quantitative value for TAG [104]. 

 

TAG (g) 

= ∑{(𝑎mount of each fatty acid per 100 g)

× (molecular weight of that fatty acid +  12.6826) (molecular weight of that fatty acid)⁄ } 

(2.1) 
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2.2.5. Estimation for oil extraction performances 

Firstly, in order to determine the theoretical oil recovery weight of the emulsified solution 

samples, calculations were performed using conventional methods that can extract TAGs almost 

completely. Dried yeast cells were crushed using a multi-bead shocker (Yasui Instruments, Osaka, 

Japan), the oil was extracted with hexane, and the TAG portion in extracted oils was quantified using 

the method described previously. The TAG amounts in the emulsified solutions were analyzed in the 

same manner. In addition to TAG, diglycerides, monoglycerides, and free fatty acids may be present 

in the oil. The theoretical oil recovery weight in the solution was calculated using Equation (2.2). 

Theoretical oil recovery weight (g) = 
TAG amount in the emulsified solutions (g)

 TAG portion in the extracted oils (-)
 (2.2) 

Then, the experimental oil recovery ratio (%) was calculated using Equation (3). 

Oil recovery ratio (%) = 
measured extracted oil weight (g)

 theoretical oil recovery weight (g)
 × 100 (2.3) 

Because TAG is the major lipid species of interest, the TAG extraction efficiency was calculated using 

Equation (4). 

TAG extraction efficiency (mg/mL) = 
TAG (mg) 

Solvent volume (mL)
  (2.4) 

TAG selectivity was used to represent the effectiveness of a solvent system in selecting TAG from 

other undesirable constituents present in the cell lysate, and it was calculated using Equation (2.5). 

TAG selectivity (mg/mg %) = 
TAG (mg) 

Total extracted oil (mg) 
  (2.5) 

These calculations were based on a previous study by Probst et al. [98]. 
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2.2.6. Required energy and cost estimation 

The required processing energy (RPE) and required processing cost (RPC) were evaluated in terms of 

kilowatt hours (kWh) and yen required to treat 1 kg of culture, and they were calculated using the 

following Equations (2.6)–(2.9): 

RPE = Ef + Eex, (2.6) 

RPE' = Epf + Ed + Eex
' , (2.7) 

RPC = Cm + Ef∙α + Co + Cex, (2.8) 

RPC' = (E
pf

 + Ed)∙α + Co
'  + Cex

' , (2.9) 

where Ef is the energy required for filtration with a separator machine, kWh; Eex is the energy required 

for extraction, kWh; Epf is the energy required for freezing before vacuum drying, kWh; Ed is the 

required energy for vacuum drying, kWh; Cm is the required cost of material for filtration, yen; α is 

the electric cost–power coefficient, yen/kWh; Co is the cost of organic solvents required for extraction, 

yen; Cex is the required cost for extraction, yen. The symbols with apostrophes represent the values of 

the conventional method with hexane extraction after vacuum freeze-drying. The detailed calculations 

are provided in the supplemental information at the end of this chapter. 

 

2.2.7. Verification of extraction mechanism by tracking material balance 

To verify the mechanism of hexane/ethanol extraction, the amount of oil leaked from the 

residue by ethanol and the amount remaining in the residue were measured. First, 2.5 mL of ethanol 

was added to the residue obtained by nonwoven filtration, mixed and allowed to stand for 15 min, and 

then separated into the ethanol/water fraction and residue with a 0.22 μm filter. 7.5 mL of hexane were 

added to each fraction and mixed, and the mixture was centrifuged at 5000 rpm for 15 min. Then, the 
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hexane layer was collected with a pipette, volatilized using a heater, and the weight of the collected 

oil was measured.  

2.2.8. Verification of extraction mechanism by using model solution 

In order to verify the effect of medium components on oil extraction recovery, oil extraction 

was attempted on model emersion solutions in which culture medium had been removed via 

centrifugation. First, the dry cells were prepared by centrifuging and vacuum freeze-drying them from 

500 mL of L. starkeyi culture by using the method described in Section 2.2.3. Then, 50 g of dry cells 

were suspended in 500 mL of water and crushed using a high-pressure homogenizer according to the 

method described in Section 2.2.2. 15 mL of this crushed solution were subjected to two pre-

treatments: (1) vacuum freeze-drying (2) nonwoven filtration for collecting the residue using the same 

method as described in Section 2.2.3. After these pretreatments, oil extraction was performed using 10 

mL of hexane. The weight of extracted oil was determined as described in Section 2.2.3. Oil recovery 

ratio was calculated by comparison with the theoretical oil recovery weight determined as described 

in Section 2.2.5. 

 

2.2.9. Statistical analysis 

The values are given as the mean ± standard deviation calculated in triplicate experiments. 

In Fig. 2.5, the bar graph is presented with averages of triplicate analyses. 

 

2.3. Results and discussion 

2.3.1. Oil extraction with hexane from crushed L. starkeyi culture 

When yeast oil was extracted from the emulsified solution of the crushed L. starkeyi culture 

using hexane, the oil recovery ratio was 0% (Table 2.1). This can be attributed to the stable 

emulsification state owing to the components derived from yeast cells and metabolites. Therefore, 

centrifugation, which is often used for de-emulsification, was performed before extraction. However, 
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the oil recovery ratio was still 0%. Even when the vacuum freeze-drying method, which omits water 

and crushes the emulsified state, was conducted, the oil recovery ratio remained low (44.4%). These 

results can be attributed to the strong emulsification of crushed L. starkeyi cultures with some yeast 

components such as cell wall compounds and metabolites. 

 

Table 2.1 Oil recovery ratios using several extraction methods from L. starkeyi cell culture solution 

using hexane. 

Sample 

Oil Recovery Ratio (%) 

Non-treated Centrifugation Vacuum Freeze-Drying 

Crushed L. starkeyi culture 0 0 46.6 ± 10.6 

 

2.3.2. Oil extraction with pure solvent after nonwoven filtration 

To remove moisture and the water-soluble components from the crushed L. starkeyi culture, 

pressurized filtration was performed using a polyolefin-based nonwoven filter. A clear permeate was 

obtained via filtration. The oil recovery ratio of the residue that accumulated on the nonwoven filter 

was 7.28 ± 3.09% (Table 2.2). Although this value was lower than that of the vacuum freeze-drying 

sample (Table 2.1), the oil recovery ratio was higher compared with the direct hexane extraction from 

crushed L. starkeyi culture (0%). When ethanol and 2-propanol were used for extraction, the oil 

recovery ratio increased to 67.8 ± 14.3% and 67.5 ± 7.7%, respectively. However, as shown in Fig. 

2.2, the recovered oil was brownish, had a strange odor, and contained solid content even after heating 

at 60 °C or higher. This is because many non-target fat-soluble components in the culture solution 

were mixed with the extracted oil. Thus, the recovered oil is not a suitable alternative to palm oil. 
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Table 2.2 Oil recovery ratios by various organic solvents after nonwoven filtration. 

Extraction Oil Recovery Ratio (%) 

Solvent With Filtration Without Filtration 

Hexane 7.3 ± 3.1 0 

Ethanol 67.8 ± 14.3 0 

2-Propanol 67.5 ± 7.7 0 

Fig. 2.2 Pictures of oils extracted by each pure organic solvent after nonwoven filtration. (a) Hexane, 

(b) Ethanol, (c) 2-Propanol. The extracted oils were heated at approximately 60 °C. 

 

2.3.3. Oil extraction with solvent mixture after nonwoven filtration 

Fig. 2.3 shows the relationship between the oil recovery ratio and solvent mixture 

composition. When a 3:1 (v/v) hexane/ethanol mixture was used as the extraction solvent, a recovery 

ratio of 98.2% was obtained, which was the highest in this study (Fig. 2.3a). The recovered oil is 

transparent, as shown in Fig. 2.4a. Even in the cases of the hexane/ethanol mixtures with ratios of 2:1 

and 5:1, the oil recovery ratios were 80% or higher. As shown in Fig. 2.3b,c, when hexane/2-propanol 

or 2-propanol/ethanol mixtures were used, there were conditions for achieving the oil recovery ratios 

of 80% or higher with a 1:1 (v/v) hexane/2-propanol mixture, a 1:1 (v/v) 2-propanol/ethanol mixture, 

and a 3:1 (v/v) 2-propanol/ethanol mixture. However, the recovered oils under these conditions were 
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brownish, suggesting that many fat-soluble components other than the target yeast oil were extracted 

(Fig. 2.4b,c). 

 

Fig. 2.3 Effect of solvent mixture composition on the oil recovery ratio. (a) Hexane/ethanol mixture, 

(b) hexane/2-propanol mixture, and (c) 2-propanol/ethanol mixture. 

 

Fig. 2.4 Pictures of oils extracted from each solvent mixture. (a) 3:1 (v/v) hexane/ethanol mixture, (b) 

3:1 (v/v) hexane/2-propanol mixture, and (c) 3:1 (v/v) 2-propanol/ethanol mixture. Extracted oils were 

heated at approximately 60 °C. 

 

2.3.4. TAG extraction efficiency and TAG selectivity  

The TAG extraction efficiency and TAG selectivity of various extraction solvents are 

summarized in Table 2.3. High TAG extraction efficiency and selectivity were obtained for the 3:1 

   
(a) (b) (c) 

 

(a) (b) (c) 

(a) (b) (c) 
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(v/v) hexane/ethanol mixture, which were comparable to those of the Bligh and Dyer method, which 

uses a non-edible organic solvent. The results shown in Table 2.3 indicate that the hexane/ethanol 

mixture is a useful extraction solvent in terms of TAG extraction efficiency and TAG selectivity.  

 

Table 2.3 TAG extraction efficiency and TAG selectivity. 

Extraction Solvent 

Total Amount of 

Extracted Oil 

(mg) 

TAG  

(mg) 

TAG Extraction Efficiency 

(mg TAG/mL Solvent) 

TAG Selectivity 

(%mg TAG/mg Oil) 

Chloroform/methanol/ 

water (1:2:0.8) 
257 ± 12 213 ± 14 21.3 ± 1.4 82.8 ± 2.9 

Hexane 60.0 ± 10 52.7 ± 9.4 5.27 ± 0.94 87.7 ± 1.8 

Ethanol 197 ± 42 27.6 ± 3.3 2.75 ± 0.33 14.3 ± 2.4 

2-Propanol 307 ± 87 98.5 ± 7.8 9.85 ± 0.78 33.8 ± 9.1 

Hexane/ethanol (3:1) 233 ± 58 174 ± 19 17.4 ± 1.9 74.6 ± 9.6 

All data were measured in triplicate and are noted as mean ± standard deviation. 

 

The fatty acid composition (change in physical properties) is affected the extraction method [105, 106]. 

Therefore, the fatty acid composition and amount of TAG by the sum of TAG equivalents from fatty 

acids in oils extracted using various solvents are plotted in Fig. 2.5. The fatty acid compositions of the 

oils extracted using pure hexane and a 3:1 (v/v) hexane/ethanol mixture were similar to those of palm 

oil, although the compositions in the cases of pure ethanol and 2-propanol were different. Therefore, 

it can be deduced that many non-target fat-soluble components were extracted using ethanol and 2-

propanol. These results also indicate the usefulness of the 3:1 (v/v) hexane/ethanol mixture as an 

extraction solvent. The Bligh and Dyer system consisted of a chloroform:methanol:water (1:2:0.8) 

mixture. 
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Fig. 2.5 Fatty acid composition in TAG equivalents of oils extracted with various solvents. 

 

2.3.5. Estimation of the required energy and cost 

The new yeast oil production process proposed in this chapter was compared with the 

conventional process in Fig. 2.6. Efficient oil recovery from the resulting emulsified solution have 

succeeded, which has been difficult previously; thus, the freeze-drying processes can be omitted in the 

new process. Hence, the new process is relatively simple, and as described previously, the obtained oil 

quality was sufficiently good. The required energy and processing costs of the new method (filtration 

and extraction) were calculated and compared with those of the conventional process (freezing and 

vacuum dry). 

The required energies of new and conventional processes (RPE, RPE’) are 0.24 kWh and 

0.92 kWh per kg culture, respectively. The required processing costs (RPC, RPC’) were estimated to 

be 5.8 yen and 17 yen per kg of culture for the new and conventional processes, respectively (see 

Supplementary Materials for more details). The required energy and cost of the new process were only 

26% and 34% of those of the conventional process, respectively, indicating the superiority of the new 
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process. Thus, construction of a new filtration and extraction process for yeast oil without cell 

collection and vacuum freeze-drying was succeeded, which have previously restricted mass 

production. In addition, a new process, including cell crushing in the liquid state, would help to 

construct a continuous production process. 

Fig. 2.6 Comparison of new and conventional processes for yeast oil production from L. starkeyi. 

 

2.3.6. Verification of extraction mechanism by tracking material balance 

The oil recovery ratio increased drastically with the addition of ethanol to hexane. Therefore, 

the following two hypotheses were considered. First, the fat-soluble com-ponents in the residues leak 

well into ethanol, which has a high affinity for water; the target oils are then extracted efficiently from 

the ethanol layer using hexane. This may be supported by the fact that oils containing not only TAG 

but also other fat-soluble components were extracted using ethanol alone, as shown in Table 2.2 and 

Fig. 2.3b. Another hypothesis is that the affinity between the extraction solvent and the residue has 

increased. 
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The affinity between pure hexane and the residue is very low, however, it is thought that 

mixing ethanol with hexane increases this affinity. As a result, the contact efficiency between the oil 

in the residue and the hexane has improved, leading to improved extraction efficiency with hexane. 

Alternatively, it is possible that both contributed to the improvement in the oil recovery ratio. 

To measure the amount of oil leaked from the residue via ethanol and that which remained 

in the residue, ethanol was added to the residue and mixed, the ethanol/water fraction and residue were 

separated via filtration, and hexane was added to each sample’s extract oil. It was found that 78.1 ± 

9.1% of the oil remained in the residue and only 21.9 ± 9.1% of the oil was leaked by ethanol, 

suggesting that the first hypothesis (leakage by ethanol) is not the main reason and that the second 

hypothesis (ease of contact of hexane with residue by ethanol) plays an important role in increasing 

the oil recovery ratio.  

 

2.3.7. Verification of extraction mechanism by using model solution 

Emulsification is considered to be the main factor inhibiting hexane extraction. The 

components of the yeast medium and metabolites may have contributed to this emulsification. 

Therefore, a model solution containing 10% (w/v) crushed dry cells was prepared and subjected to 

hexane extraction with two pretreatments: vacuum freeze-drying and nonwoven filtration. As shown 

in Table 2.4, the oil recovery ratios from the model solution after vacuum freeze-drying and filtration 

were 79.2 ± 6.0% and 67.2 ± 20.5%, respectively. In contrast, in the case of the culture solution, these 

values were lower, at 46.6 ± 10.6% and 7.28 ± 3.09%, respectively. In the model solution, the 

concentration of the water-soluble components was low because they were de-liquidated via 

centrifugation. Therefore, water-soluble components in the culture solution may inhibit hexane 

extraction. Specifically, a component derived from a medium or a metabolite of yeast is considered a 

candidate inhibitor. 
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Table 2.4 Oil recovery ratios from model solution and culture solution. 

Sample 
Oil Recovery Ratio (%) 

Freeze-Drying Filtration 

Model solution 

(10% dry cells) 
79.2 ± 6.0 67.2 ± 20.5 

L. starkeyi culture 

solution 
46.6 ± 10.6 7.28 ± 3.09 

 

Although the addition of ethanol to hexane was effective, ethanol is expensive; therefore, the reduction 

of the ethanol amount or the use of only hexane should be considered. If the inhibitory component is 

identified and reduced or removed, less ethanol will be required during the extraction process, 

reducing the cost of oil production. The identification of the inhibitory component also contributes to 

the elucidation of the detailed extraction mechanism. This will be our next goal in the near future. 

 

 

2.4. Conclusions 

In this chapter, a food-grade process for the mass production of yeast oil using L. starkeyi 

was investigated. In contrast to a previously studied process that collected and crushed yeast cells after 

vacuum freeze-drying, a novel process that can eliminate these steps was proposed. The graphical 

abstract of this chapter is shown in Fig. 2.7. The conventional process is limited by the emulsification 

of the oil-containing liquid resulting from crushing, which interferes with oil extraction from the 

emulsified liquid. In this chapter, a new pretreatment method, nonwoven filtration, was applied to an 

emulsified solution. The 3:1 (v/v) hexane/ethanol mixture was found to be suitable for efficient oil 

extraction from residues. The energy consumption and processing cost of the new process were 
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calculated to be 26% and 34% of the conventional method, respectively, suggesting that the new 

process shows promise for industrial use.  

This new process, which is capable of continuous operation and is efficient in terms of 

energy consumption and oil production costs, will greatly contribute to the practical use of edible palm 

oil substitutes for the realization of an environmentally friendly bioeconomy.  

Fig. 2.7 Graphical abstract of this chapter. 

 

 

2.5. Supplemental information 

The details of the required energy and cost calculations are presented below. The values of 

the coefficients used in the calculations are listed in Table 2.S1. 

 

𝐸𝑓 was calculated as follows, assuming a power of 9.4 kWh for the nonwoven filter separator and a 

throughput of 100 kg/h. 

𝐸𝑓 = 9.4/100 = 0.094 (kWh) 

 

𝐸𝑒𝑥 was calculated as follows, under conditions in which 0.500 L of hexane and 0.167 L of ethanol 

(mixing ratio 3:1) per kg of emulsified solution were used for extraction. 
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𝐸𝑒𝑥 = ∑[[(solvent usage) × (specific gravity of solvent) × {(boiling point) − (room temperature)}

× (specific heat)

+ (solvent usage) × (specific gravity of solvent) × (latent heat of evaporation)

× 2] × (calorific-power coefficient) + (solvent usage) × (power of extractor)] 

= {(0.500 × 0.654 × (68.74 − 20) × 2.304＋0.5 × 0.654 × 366.45 × 2)} × 0.000278

+ 0.5 × 0.001 

＋{0.167 × 0.789 × (78.34 − 20) × 3.38＋0.167 × 0.789 × 948.24 × 2} × 0.000278

+ 0.167 × 0.001 

≒ 0.154 (kWh) 

      

𝐸𝑒𝑥′ was calculated as follows, under conditions where 0.667 L of hexane per kg of culture solution 

were used for extraction. 

𝐸𝑒𝑥′ = [(solvent usage) × (specific gravity of solvent) × {(boiling point) − (room temperature)}

× (specific heat)

+ (solvent usage) × (specific gravity of solvent) × (latent heat of evaporation)

× 2] × (calorific-power coefficient) + (solvent usage) × (power of extractor) 

= {0.667 × 0.654 × (68.74 − 20) × 2.304＋0.667 × 0.654 × 366.45 × 2} × 0.000278

+ 0.667 × 0.001 

≒ 0.103 (kWh) 

      

𝐸𝑝𝑓 + 𝐸𝑑 was calculated as follows, using a freezing machine power of 1.5 kWh, a pre-freezing time 

of 0.01 hr/kg, a vacuum dryer power of 12 kWh, and a vacuum dryer throughput of 15 kg/hr. 

𝐸p𝑓 + 𝐸d = (freezing machine power) × (pre-freezing time)

+ (vacuum dryer power)/(vacuum dryer throughput) 
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= 1.5 ∗ 0.01 + 12/15 = 0.82 (kWh) 

 

𝐶𝑚 was calculated using a nonwoven cost per area of 370 yen/m2 and a throughput of 500 kg/m2, as 

follows: 

𝐶𝑚 = 370/500 = 0.74 (yen) 

 

𝐶𝑜 and 𝐶𝑜′ were calculated as follows, under the condition where the conventional method requires 

0.667 L of hexane per 1 kg of culture, and the new method requires 0.5 L of hexane and 0.167 L of 

ethanol per 1 kg of culture, and the solvent recovery ratio is 98%. 

𝐶𝑜  = ∑(solvent usage) × (solvent cost) × {100 − (solvent recovery rate)}/100 

= 0.5 × 33.1 × (100 − 98)/100 + 0.167 × 84 × (100 − 98)/100

= 0.61 (yen) 

𝐶𝑜
′ = (solvent usage) × (solvent cost) × {100 − (solvent recovery rate)}/100

= 0.667 × 33.1 × (100 − 98)/100 = 0.44 (yen) 

𝐶𝑒𝑥 and 𝐶𝑒𝑥′ was calculated using the following equations: 

𝐶𝑒𝑥 = 𝐸𝑒𝑥 × 𝛼 = 0.154 × 18 ≒ 2.8 (yen) 

𝐶𝑒𝑥
′ = 𝐸𝑒𝑥′ × 𝛼 = 0.103 × 18 ≒ 1.9 (yen) 

  

Thus, the required processing energy (RPE, RPE’) and cost (RPC, RPC’) were calculated as follows: 

𝑅𝑃𝐸 = 𝐸𝑓 + 𝐸𝑒𝑥 = 0.094 + 0.154 ≒ 0.24 (kWh)  

𝑅𝑃𝐸′ = 𝐸𝑝𝑓 + 𝐸𝑑 + 𝐸𝑒𝑥′ = 0.82 + 0.103 = 0.92 (kWh) 

𝑅𝑃𝐶 = 𝐶𝑚 + 𝐸𝑓 ∙ 𝛼 + 𝐶𝑜 + 𝐶𝑒𝑥 = 0.74 + 0.094 × 18 + 0.61 + 2.8 ≒ 5.8 (yen) 

𝑅𝑃𝐶′ = (𝐸𝑝𝑓 + 𝐸𝑑) ∙ 𝛼 + 𝐶𝑜′ + 𝐶𝑒𝑥′ = 0.82 × 18 + 0.44 + 1.9 ≒ 17 (yen) 
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Table 2.S1. The coefficients and input values. 

Coefficient used for calculation  Value Unit 

power-calorific coefficient 0.000278 kJ/kWh 

electric cost-power coefficient (𝛼) 18 yen/kWh 

solvent recovery rate 98 - (%) 

power of extractor 0.001 kWh/L 

room temperature 20 °C 

 hexane boiling point 68.74 °C 

 hexane evaporation latent heat 366.45 J/g 

hexane specific gravity 0.654 - 

hexane specific heat  2.304 J/g°C 

hexane cost 50.6 yen/L 

ethanol boiling point 78.34 °C 

ethanol evaporation latent heat 948.24 J/g 

ethanol specific gravity 0.789 - 

ethanol specific heat  3.38 J/g°C 

ethanol cost 84 yen/L 
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Chapter 3 
 

Utilization of okara as a culture medium by membrane 

concentration process for high oil production by oleaginous yeast, 

Lipomyces starkeyi 

 

3.1. Introduction 

Chapter 2 focuses on the downstream process of oil production derived from the yeast, 

however, it is also necessary to reduce the cost in upstream process for reducing the cost of yeast oil.  

 Okara is a by-product of the tofu and soymilk production process from soybeans. 

Approximately 14 million tons are generated annually worldwide, most of which are dumped and 

burned as waste [107]. Nevertheless, okara remains highly nutritious, containing about 40–60% 

carbohydrates (mainly insoluble fiber), 20–30% protein, and 10–20% fat (all on a dry basis) [108]. 

Therefore, if okara can be converted into something with added value, such as oil and fat, through 

fermentation by microorganisms, it will have a significant impact by reducing waste and securing 

resources. In fact, the fermentation of okara by fungi and bacteria has been well studied, in contrast, 

there are a few studies on yeast [109].  

A report on Yarrowia genus yeast, a type of oleaginous yeast, examined biovalorization 

using okara as a raw material, focusing on the flavor and nutritional value of okara rather than on the 

growth value [110]. Therefore, okara may be a suitable growth medium for oleaginous yeast. In the 

example of Saccharomyces cerevisiae, glutaminase (YbaS) from Escherichia coli was expressed on 

the cell surface by genetic recombination, and ammonia was produced from okara outside the yeast 

https://www.mdpi.com/2311-5637/11/1/7#B37-fermentation-11-00007
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cell [111]. As shown above, there are a few fermentation studies exploring yeast using okara, but none 

on Lipomyces starkeyi and no examples of oil production. 

The graphical abstract is shown in Fig. 3.1. In this chapter, the yeast extract in a YG medium 

was directly replaced with okara. Next, the nitrogen component of okara was extracted, and the 

insoluble solids were separated using a simple solid–liquid separation process. Moreover, a membrane 

concentration process was attempted in order to increase the concentration of the extracted nitrogen 

component and achieve a higher oil yield. In this oil-producing yeast fermentation production process, 

the adoption of the membrane concentration process has the following two advantages: (1) a high oil 

yield can be achieved because nitrogenous components extracted were concentrated, and (2) the 

volume of the extract can be reduced, which, in turn, lowers storage and transportation costs. 

This chapter aims to maximize the utilization of okara, a sustainable biomass resource, and 

establish a foundation for commercial production of yeast oil by improving oil yield using yeast, 

thereby achieving cost reduction. 

Fig. 3.1 Graphical abstract of this chapter. 
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3.2. Experimental 

3.2.1. Strain and growth conditions 

Pre-cultures of L. starkeyi CBS1807 were conducted in 500 mL baffled flasks containing 

100 mL of a YG (yeast extract/glucose) medium composed of 5% (w/v) yeast extract BSP-570 

(Oriental Yeast Industry) and 10% (w/v) D (+)-glucose (Fujifilm Wako Pure Chemical) with shaking 

at 150 rpm in an orbital incubator shaker (Innova S44i, Eppendorf, Hamburg, Germany) for 72 hours 

at 30 °C. The main culture was then conducted in a 200 mL baffled flask containing 50 mL of a 

production medium. The YG medium, the okara medium composed of 1%, 2%, and 3% (w/v) okara 

(Nissin Foods Co., Ltd., Hachioji, Japan), the okara extract solution medium containing a 30%, 60%, 

and 90% (v/v) okara extract solution, or the okara concentration medium composed of a 60% (v/v) 

okara extract concentrate (3×, 5× and 7× concentration ratio) for 96 hours at 30 °C was shaken at 150 

rpm. All media other than the YG medium were similarly supplemented with 10% D (+)-glucose as a 

carbon source. Media were sterilized by autoclaving at 121 °C for 20 min. 

 

3.2.2. Preparation of okara extract solution 

Okara obtained from a certain factory, which contains a soymilk process, was added with 

20, 30, or 40 times as much water as the weight of the okara. Then, papain (Mitsubishi Chemical, 

Tokyo, Japan) was added with 1% (w/w) according to the weight of okara and incubated at 55 °C for 

2 h to extract nitrogenous components. The solution was heated at 90 °C for 10 min to inactivate the 

enzyme. Thereafter, solid–liquid separation was performed using 5A filter paper (Toyo Roshi Kaisha, 

Tokyo, Japan) to remove solids from the okara solution. The filtrate was further filtered using a 0.45 

µm membrane filter (Toyo Roshi Kaisha) to remove suspended solids. The permeate (okara extract 

solution) was kept at 4 °C until use in the membrane concentration step. 
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3.2.3. Membrane concentration of okara extract solution 

To concentrate the okara extract solution, the membrane process was performed using three 

types of membranes: UA60 (TriSep, Gaviota, CA, USA), a UF (Ultrafiltration) membrane with a 

molecular weight cut-off of 1000 Da; XN45 (TriSep), an NF membrane with a molecular weight cut-

off of 500 Da; and UTC-82V (Toray, Tokyo, Japan), an RO (Reverse Osmosis) membrane with a NaCl 

rejection rate of 99.7% (according to the manufacturers). For membrane concentration experiments, a 

CF042D-FO cell (Sterlitech, Auburn, AL, USA, filtration area: 42 cm2) was used at 25 °C or 50 °C 

and a back pressure of 0.3 (UF), 0.5 (NF) and 1.0 (RO) MPa. The permeate flux (J) (LMH, Lm−2 h−1) 

was obtained every 1 min with Equation (3.1): 

𝐽 =  
𝑉𝑝

𝐴 × 𝑡
  (3.1) 

where 𝑉𝑝 is the permeate volume (L), A is the filtration area (m2), and t is the time (h). 

The rejection rate (R) (%) of the components in the solution was calculated using the following 

Equation (3.2): 

 

 

where 𝐶𝑝 is the concentration of permeate (ppm) and 𝐶𝑓 is the concentration of feed solution (ppm). 

 

3.2.4. Analysis 

3.2.4.1. Viscosity 

Viscosity was measured using a Rapid Visco Analyzer 4500 (PerkinElmer, Waltham, MA, 

USA). The temperature was set at 30 °C, and the agitation was 150 rpm. The cP (mPa·s) values were 

recorded 5 min after measurement commenced. 

 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100  (3.2) 
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3.2.4.2. Total organic carbon (TOC) 

Prior to the TOC measurements, samples were filtered through a 0.45 μm hydrophilic 

polytetrafluoroethylene (PTFE) membrane (DISMIC 13HP045AN, Advantec, Tokyo, Japan). The 

TOC of the samples was measured using a TOC analyzer (TOC-VCSH, Shimadzu, Kyoto, Japan). 

First, inorganic carbon was removed from the samples as carbon dioxide by adjusting the pH below 3 

via the addition of 1 N HCl. Next, the samples were combusted at 680 °C over a platinum catalyst. 

The combustion gas was cooled and dehumidified, and the carbon dioxide in the gas was detected 

using a non-dispersive infrared gas detector. As a standard for calibration, a potassium hydrogen 

phthalate solution was used. 

 

3.2.4.3. Total nitrogen (T-N) 

Samples were filtered through a 0.45 μm PTFE filter (Advantec) and diluted with MilliQ 

water to an appropriate concentration for analysis. The total nitrogen concentration was determined 

by two methods: (1) The Dumas method to measure solid samples (okara) involves combusting them 

in a 900° chamber in the presence of oxygen, and then measuring the generated N2 gas. (2) TOC-TN 

analyzer (TNM-L ROHS, Shimadzu) at 720 °C by the contact pyrolysis/chemiluminescence method. 

Potassium nitrate was used for the calibration curve. 

 

3.2.4.4. Ion concentration 

Samples were filtered through a 0.45 μm PTFE filter (Advantec) and diluted with 0.1 M 

HNO3 to enter the quantification range. Multi-element mixed standard solutions for ICP analysis 

(Fujifilm Wako Pure Chemical) were used as a standard. The concentration of Na, K, Ca, Mg, and P 

in the solution was measured by using inductively-coupled plasma–atomic emission spectrometry 

(ICP-AES, ICPE-9800, Shimadzu, Japan). 
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3.2.5. Evaluation of TAG production 

3.2.5.1. Measurement of cell concentration 

The cell concentration of the main culture was measured after 96 hours using a Q500 

sonicator (QSonica, Newrown, CT, USA) to ensure the dispersion of yeast cells in the solution and a 

CDA-1000 electronic particle counter (Sysmex, Kobe, Japan), as previously reported [35]. 

 

3.2.5.2. Measurement of TAG 

The extraction and measurement of TAG from L. starkeyi were conducted according to a 

previously reported study [35]. Briefly, cells were collected from 1 mL of culture via filtration using 

a 0.45 μm cellulose mixed ester filter (Advantec), suspended in 500 μL of phosphate-buffered saline 

(PBS) (Fujifilm Wako Pure Chemical), and 1 g of 0.5 mm diameter glass beads (As One, Osaka, Japan) 

were added. Next, cells were disrupted using a Multi-Beads Shocker (Yasui Kikai) for 15 min at 2500 

rpm at 25 °C. After cell disruption, 500 μL of PBS was added to the homogenates, which were then 

incubated with shaking using the Micro Mixer E-36 (Taitec, Saitama, Japan) at 37 °C for 10 min. The 

TAG concentration in the cell homogenates supernatant was determined via enzymatic analysis using 

LabAssay Triglyceride (Fujifilm Wako Pure Chemical), according to the manufacturer’s instructions. 

 

3.2.5.3. Microscope observation 

Microscopic observations were performed to confirm cell growth and oil accumulation and 

to check the contamination during membrane concentration experiments using a BX53 microscope 

(Olympus) with differential interference contrast (DIC) images. 

 

3.2.6. Statistical Analysis 

Statistical analysis was performed using Tukey’s test with GraphPad Prism software, version 

10.2.1 (GraphPad Software). Differences were considered significant at p < 0.05. The values are given 

https://www.mdpi.com/2311-5637/11/1/7#B45-fermentation-11-00007
https://www.mdpi.com/2311-5637/11/1/7#B45-fermentation-11-00007
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as the mean ± standard deviation calculated in triplicate experiments except for Table 3.1 (Yeast 

extract: n = 2). 

 

3.3. Results and discussion 

3.3.1. TAG production using okara as a nitrogen source 

In this study, the evaluation of okara as a nitrogen source for TAG production was first 

conducted by replacing yeast extract in the YG medium with okara. The results showed that when 

okara was added to the culture medium at concentrations of 1–3% (w/v), TAG was produced, but its 

yield was lower than that of the YG medium (44.6%, 84.1%, and 81.1% for the addition of 1%, 2%, 

and 3% (w/v) okara, respectively). In particular, there was no increase in the TAG yield in the 3% 

(w/v) addition group compared to the 2% (w/v) addition group, despite the increase in okara 

concentration (Fig. 3.2a). Microscopic observations showed no difference in oil accumulation or cell 

density between the 2% (w/v) and 3% (w/v) addition groups (Fig. 3.2b). These low TAG yields may 

be due to the high insoluble solids content of okara, which might cause the increased viscosity of the 

medium and reduce the dissolved oxygen in the medium [112]. Therefore, the viscosity of the YG 

medium and the okara-added medium (1%, 2%, and 3%) were measured. The viscosity of the YG 

medium was 8.3 ± 1.2 mPa·s, while those of the okara-added medium group with 1%, 2%, and 3% 

(w/v) additions were 10.0 ± 2.2, 21.0 ± 4.2, and 47.3 ± 2.9 mPa·s, respectively, indicating that the 

viscosity of the 3% (w/v) okara addition group was five times that of the YG medium (Fig. 3.3). As 

oleaginous yeasts are aerobic microbes and their growth and production of TAG are promoted by the 

increased dissolved oxygen, it was expected that if the viscosity of the medium decreased, yeast would 

be able to produce TAG equivalent to or greater than that produced in YG medium. 

 

https://www.mdpi.com/2311-5637/11/1/7#table_body_display_fermentation-11-00007-t001
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(a) 

(b) 

 

Fig. 3.2 Replacement of yeast extract with okara in the L. starkeyi culture medium. (a) Comparison 

of TAG productivity in the YG medium and the okara-added medium. (b) Differential interference 

contrast (DIC) images of the yeast cells. Mean ± S.D., n = 3, Tukey’s test, different letters above the 

columns for each experimental group indicate significant differences between groups (p < 0.05). 

 

 

 

 



51 

 

Fig. 3.3 Viscosity of the mediums from different nitrogen sources. Okara was added with 1%, 2%, and 

3% (w/v) per medium, and the okara extract solution (extracted with 30 times water from okara) was 

added with 30%, 60%, and 90% (v/v) per medium. The values are mean ± S.D., n = 3, Tukey’s test, 

different letters above the columns for each experimental group indicate significant differences 

between groups (p < 0.05). 

 

3.3.2. Preparation of okara extract and evaluation as nitrogen source for culture media 

To reduce the viscosity of the okara-containing medium, extraction of nitrogenous 

components from okara was attempted. The amount of water used for extraction was 20, 30, and 40 

times the weight of okara, and there was no difference in the T-N recovery ratio in the extracts (Table 

3.1). To make a highly concentrated extract, the amount of water should be low as possible, but 30 

times the amount of water was chosen because, in the extraction with 20 times the amount of water, 

the liquid was still so viscous that it required significant power for stirring in the enzymatic reaction. 

Next, the okara ex-tract solution extracted with 30 times water from the okara was evaluated as a 

nitrogen source in the culture medium. The viscosity of the medium was greatly reduced by using the 

okara extract solution instead of the okara itself and was even lower than that of the YG medium (Fig. 
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3.3). Next, TAG production was evaluated using the medium with the okara extract solution. TAG 

productivity was found to be dependent on the added amount of okara extract solution, and a high 

TAG yield (13.8 ± 0.39 [g/L]) was obtained for the 90% (v/v) addition of the okara extract solution 

(Fig. 3.4a). A con-centration-dependent increase in the accumulation of oil per cell and the cell 

concen-tration with the addition of the okara extract solution was also noted in the microscopic 

observations (Fig. 3.4b). These results suggest that if the extract could be concentrated and added to 

the culture medium in larger amounts, the TAG productivity might be even higher. 

 

Table 3.1 T-N content of nitrogen sources used in the medium and nitrogen extraction rate of okara 

extract solution. 

       

  Unit 
Yeast 

extract 
Okara 

Okara extract solution 

extracted with 20 times 

the volume of water 
 with 30 times with 40 times 

T-N g/100g 10.0 3.7 ± 0.2 0.17 ± 0.02 0.11 ± 0.01 0.08 ± 0.02 

Nitrogen 

extraction ratio 
% - - 92 ± 9 92 ± 6 90 ± 8 

       

Results presented as mean ± S.D. with n = 3 except for yeast extract (measured with n = 2). 
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(a) 

(b) 

 

Fig. 3.4 Replacement of okara with the okara extract solution in the L. starkeyi culture medium as a 

nitrogen source. (a) TAG productivity in various concentrations of okara extract solution. (b) DIC 

images. Okara ext.: okara extract solution. Mean ± S.D., n = 3, Tukey’s test, and different letters above 

the columns for each experimental group indicate significant differences between groups (p < 0.05). 
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3.3.3. Membrane concentration of nitrogenous components in the okara extract solution 

From the above results, the membrane concentration of the okara extract solution was 

attempted. As proteins and peptides were considered the main nitrogenous com-ponents in the okara 

extract solution, an NF membrane with a molecular weight cut-off of approximately 500 Da, which 

was considered suitable to reject and concentrate these components, was first selected. The liquid 

temperature was controlled at two temperatures (25 °C and 50 °C) during the membrane concentration 

process to evaluate the effect of membrane fouling, which would be more severe at 25 °C due to germ 

growth, while at 50 °C, germ growth would be suppressed. The results indicated that the average flux 

was 30 LMH at 50 °C compared with 20 LMH at 25 °C during 320 g permeation (Fig. 3.5). As high 

flux is preferable for concentration, subsequent membrane concentration experiments determined that 

50°C should be used. 

 

Fig. 3.5 Flux of concentration of okara extract solution for the NF membrane in different temperature 

conditions (25 °C and 50 °C). 
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Next, the membrane concentration of the okara extract solution was performed using UF 

and RO membranes in order to determine which is the optimal type of membrane for the concentration 

among the NF, UF, and RO membranes. In this con-centration experiment, the total nitrogen (T-N), 

total organic carbon (TOC), ion concentration (Na, K, Mg, Ca, and P) in the feed, and permeate 

solutions were measured and compared their rejection rates (Table 3.2). The T-N rejection rates were 

76.0%, 84.5%, and 98.7% for the UF, NF, and RO membranes, respectively, and corresponded to the 

pore size of the membranes. TOC rejection showed a similar tendency. With regard to ion rejection, 

the RO membrane had a high rejection rate of more than 88–98% for all components, while UF and 

NF membranes had lower rejection rates than the RO membranes. For the NF membrane, multivalent 

ions (Ca, Mg, and P) were rejected at high rejection rates (86–98%), while monovalent ions (Na and 

K) were rejected at lower rates (75–78%). The K+ ion is the most abundant ion in the extract solution 

and accounts for more than 70% of the total ions by weight. These rejection results show that in 

concentration by the RO membrane, all components are highly rejected, indicating that both the T-N 

and all ions are accumulated in the concentrates and causing high osmotic pressure. On the contrary, 

in the case of NF and UF membrane, K was rejected less than T-N, indicating that T-N was more 

concentrated than K+, which denotes less osmotic pressure. The concentrates were obtained as 3×, 5×, 

and 7× concentrates at 50 °C. 
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Table 3.2 Characteristics of rejection by different types of membranes for concentration of the okara extract solution. 

                    

Membrane 

 type 
UF NF RO 

MWCO 

 (Da) 
~1,000 ~500 N/A 

  Concentration (ppm) Rejection rate  

(%) 

Concentration (ppm) Rejection rate 

 (%) 

Concentration (ppm) Rejection rate 

 (%)   Feed solution Permeate Feed solution Permeate Feed solution Permeate 

T-N  946.5 ± 42.1 201.4 ± 13.8 78.7 ± 2.3 c 903.6 ± 31.1 135.0 ± 6.5 85.1 ± 0.8 b 954.0 ± 22.6 13.0 ± 0.5 98.6 ± 0.1 a 

TOC 4543.7 ± 239.4 962.0 ± 4.6 78.8 ± 1.1 c 4320 ± 22.6 518.8 ± 13.4 88.0 ± 0.4 b 4493.7 ± 59.1 54.6 ± 0.6 98.8 ± 0.0 a 

Na 11.6 ± 1.8 4.2 ± 0.7 63.7 ± 9.3 c 10.3 ± 1.3 2.1 ± 0.1 79.4 ± 2.6 b 12.5 ± 2.5 0.3 ± 0.0 97.3 ± 1.0 a 

K 264.0 ± 33.0 62.6 ± 5.9 76.3 ± 3.4 b 250.0 ± 32.2 54.6 ± 2.6 78.2 ± 3.3 b 260.3 ± 9.7 4.0 ± 0.3 98.5 ± 0.1 a 

Ca 9.4 ± 0.5 1.5 ± 0.0 83.9 ± 1.0 c 9.6 ± 0.3 0.3 ± 0.0 96.7 ± 0.3 b 9.5 ± 0.7 0.01 ± 0.0 99.8 ± 0.1 a 

Mg 10.7 ± 0.6 1.5 ± 0.2 86.3 ± 1.9 b 11.3 ± 0.2 0.2 ± 0.0 98.0 ± 0.2 a 11.2 ± 0.7 0.01 ± 0.0 99.9 ± 0.0 a 

P 59.8 ± 14.1 12.3 ± 0.8 79.4 ± 4.0 c 61.9 ± 2.4 7.9 ± 0.5 87.2 ± 1.3 b 66.4 ± 3.4 0.2 ± 0.1 99.8 ± 0.2 a 

          

The values are mean ± S.D., n = 3, Tukey’s test, and different letters on right shoulder of rejection rate for each experimental group indicate significant 

differences between groups (p < 0.05). MWCO: molecular weight cut-off. N/A: not available. 
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3.3.4. Culture evaluation of okara membrane concentrate as a raw material for culture media 

TAG production was evaluated using culture media prepared with a mem-brane-

concentrated extract solution. Oil yield (TAG concentration, g/L), cell growth (cell concentration, 

cells/mL), and oil accumulation (amount of TAG per cell, mg/108 cells) were determined (Fig. 3.6a-

i). The results showed that the highest TAG production was obtained with the NF membrane 

concentrate, and the maximum oil yield (20.0 g/L) for the 5× NF membrane concentrate was 1.71 

times higher than 2% okara (Fig. 3.6d), which is equivalent to 1.44 times higher than that of the yeast 

extract and 1.69 times higher than that of the 90% okara extract solution. On the other hand, in the 

medium using the 3× UF membrane concentrate, the oil yield (17.1 g/L) was 1.47 times higher than 

that of the 2% okara (Fig. 3.6a), and equivalent to 1.23 and 1.44 times higher than that of the YG and 

90% okara extract solutions, respectively. On the contrary, the oil yield was relatively low for the RO 

membrane concentrates (Fig. 3.6g). The oil yield of 5× RO membrane concentrate (14.0 g/L) was 1.20 

times higher than 2% okara, which is equivalent to 1.01 times higher than that of the yeast extract and 

1.18 times higher than that of the 90% okara extract solution. In regard to cell growth, all of the extract 

concentrates showed higher cell growth than the okara 2% extract (Fig. 3.6b,e,h), and in regard to 

TAG amount per cell, it has been confirmed that membrane concentration is effective in increasing 

TAG production per cell. However, the effect turned to a decline at a higher addition concentration for 

all types of membranes, especially for the NF and RO membranes (Fig. 3.6c,f,i), suggesting that there 

may be a component that is concentrated in the membrane and re-tards TAG production. 
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Fig. 3.6 TAG production using membrane-concentrated okara extract solutions as a nitrogen source of 

the culture medium. (a–c): TAG concentration (g/L), cell concentration (cells/mL), amount of TAG 

per cell (mg/108 cells) using UF membrane-concentrated extract solutions. (d–f): Those using NF 

membrane concentrates. (g–i): Those using RO membrane concentrates. Data are given in mean ± 

S.D., n = 3, Tukey’s test, different letters above the columns for each experimental group indicate 

significant differences between groups (p < 0.05). 

 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

 

(h) 

 

(i) 

 

 1 
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To analyze the effect of okara and its extract solution and membrane concentration on TAG 

production in more detail, the T-N concentration in the medium and the TAG concentration obtained 

using cultivation were taken as the horizontal and vertical axes, respectively, and their relationship 

was plotted, as shown in Fig. 3.7a.  

 

Fig. 3.7 (a) Relationship between T-N concentration and TAG productivity. (b) Relationship between 

TOC concentration and TAG productivity. 3×, 5×, 7×: Concentration magnification for each 

membrane concentration, UF, NF, and RO: Type of membrane used to prepare the membrane 

concentrate. The data are presented with averages of triplicate analyses. 

 

(a) 

(b) 
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In the low T-N concentration range up to 0.2 g/100 g, the TAG concentration increased in 

proportion to the T-N content (correlation coefficient (r) = 0.85), but the TAG concentration leveled 

off or fell above 0.2 g/100 g of the T-N concentration (r = −0.40). Especially, for the okara extract 

solution group (blue square), the TAG concentration increased linearly with the T-N concentration (r 

> 0.99). In the okara-added group (white squares with orange frame), the dependence of TAG 

concentration on the T-N concentration was lower (r = 0.88), which could be due to the increase in 

medium viscosity caused by the insoluble solids in the okara, as observed in Fig 3.2. To examine the 

effect of carbon source concentration on oil production, the relationship between TOC concentration 

in the medium and TAG yield was plotted (Fig. 3.7b). The results were similar to the relationship 

between T-N and TAG concentrations, indicating that higher TOC did not increase TAG yield. 

On the other hand, there was almost no relationship between the T-N concentration and the 

TAG concentration for the 3×, 5×, and 7× membrane concentrates, which does not necessarily mean 

an increase in TAG concentrations in case of high T-N concentrations. TAG productivity was found to 

be NF > UF > RO because in the UF membrane concentration, the membrane pore size was so large 

that some components necessary for yeast growth were permeated, resulting in a lack of them in the 

culture medium. Conversely, in the RO membrane concentration, where the membrane pore size was 

small and almost all substances were concentrated, it is thought that some components that inhibit the 

growth of yeast were also concentrated and negatively affected TAG production. However, in the NF 

membrane concentration, which had a pore size between the UF and RO membranes, some of the 

necessary components that were permeated by the UF membrane were rejected, and some of the 

inhibitory components that were concentrated by the RO membrane were permeated through the NF 

membrane, resulting in a high oil yield. Chemical and physiological stresses (e.g., osmotic pressure 

and inhibitory compounds in the culture medium) are known to cause intracellular water loss, cell 

shrinkage, cytoskeletal collapse, and even mitochondrial dysfunction in yeasts [113, 114]. Additionally, 
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acetic acid, furfural, phenolic compounds, and some sugars are known to be inhibitory components of 

yeast culture [115]. Regarding osmotic pressure, considering the high salt rejection by the RO 

membrane compared to the UF and NF membranes, it is possible that the concentrated ions from the 

okara ex-tract solution caused high osmotic stress, adversely affecting oil yield. 

Based on the above results, the components necessary for growth and oil production may 

include compounds with a molecular weight of 500–1000, while the growth-inhibitory components 

that have been concentrated by the RO membrane are thought to have a molecular weight of less than 

500. Therefore, sugar-like compounds, organic acids, aromatic compounds, and salts were considered. 

In the future, identification of the necessary and inhibitory components in okara extract solution will 

lead to the construction of a more optimized membrane concentration process and subsequent further 

cost reduction and industrialization of yeast oil production. 

 

3.4. Conclusions 

This study explores the potential of using a soybean by-product, okara, as a culture medium 

for oleaginous yeast culture to improve oil yields and reduce costs for industrial applications. Initially, 

direct substitution of yeast extract with okara in the YG medium resulted in a low oil yield, which was 

attributed to increased medium viscosity and reduced dissolved oxygen due to the high insoluble solids 

content of okara. To address this problem, nitrogenous components were extracted from okara and 

used in the culture medium, resulting in a significant improvement in the oil yield. As a further 

optimization, membrane concentration processes using NF, UF, and RO membranes were attempted 

to concentrate nitrogenous components from the okara extract solution. The results demonstrated that 

oil yield was significantly enhanced when the 5× NF membrane concentrate was used, exceeding 

yields from the yeast extract and the okara extract solution. The relationship between T-N 

concentration and oil yield (TAG concentration) was also investigated, revealing a positive correlation 

up to a certain T-N threshold, beyond which the yield plateaued or decreased. The NF membrane 
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process, with a molecular weight cut-off of ~500 Da, was found to be optimal, potentially due to 

balancing the rejection of growth-promoting components and permeation of inhibitory substances for 

yeast growth. This study suggests that the identification of the necessary growth components and 

inhibitory substances could lead to further optimization of the membrane concentration process, 

thereby reducing costs and advancing the industrialization of yeast oil production. 
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Chapter 4 
 

Effects of inorganic nitrogen addition to okara-utilized medium 

on the oleaginous yeast Lipomyces starkeyi and assessment of 

metabolism involved in increased oil production 

 

4.1. Introduction 

 In Chapter 3, L. starkeyi showed growth on a medium based on solid okara as the single 

nitrogen source; however, its oil yield was not comparable to that obtained when using yeast extract 

medium (Fig. 3.2). Then, when the okara extract solution was prepared using protease and thermal 

treatment, and then concentrated through membrane separation, the oil yield was higher than that 

obtained using the yeast extract medium (Fig. 3.4). In solid okara-containing media, the solubilization 

of nitrogen components by yeast proteases is inadequate in the early stages of culture, suggesting 

insufficient nitrogen sources. However, the effect of adding inorganic nitrogen, which is often used in 

combination with organic nitrogen source [116, 117], has not been examined.  

Nitrogen components are essential for protein and nucleic acid synthesis and are important 

for cell proliferation, and the limitation of them lead to improvement of oil accumulation in oleaginous 

microorganisms [27, 38]. Therefore, to increase the oil yield per culture, cell proliferation should 

predominate in the presence of nitrogen components in the first half of the culture. Then, the metabolic 

system should be shifted to fatty acids and TAG synthesis in the absence of nitrogen components in 

the second half of the culture process. 

Sulfate ion (SO4
2−) is often used as a counterion to ammonia and magnesium, zinc, and 

copper ions when they are added to oleaginous yeast media [34, 37, 118]. Sulfate ions are taken up by 
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cells and utilized in the cysteine and glutathione (GSH) biosynthetic pathway as sulfur ions [119]. 

GSH is an intracellularly synthesized tripeptide composed of glutamic acid, cysteine, and glycine, and 

is present in various organisms. Moreover, it reacts directly with free radicals and protects cells against 

reactive oxygen species (ROS) by acting as a cofactor for oxidoreductases, such as glutathione 

peroxidase and glutathione reductase [120]. In budding yeast, GSH is an essential metabolite necessary 

for resistance to oxidative stress [121], and thus, it is also thought to play an important role in 

oleaginous yeasts, including L. starkeyi. Regarding the relationship between oil synthesis and GSH, 

the enhanced expression of antioxidant-related genes, including GSH-related genes, increases oil 

accumulation in Y. lipolytica [122], however, there are no similar reports pertaining to L. starkeyi. 

In this chapter, the possibility of deficiency of nitrogen in initial environment of okara 

medium was focused on. The effect of adding inorganic nitrogen to a medium okara, an organic 

nitrogen source, was investigated by using a combination of culture experiments and metabolome 

analysis. The aim was to improve the culture process using okara, which has the potential for use in 

oil production at a low cost. Furthermore, the synergistic effects of ammonium and sulfate ions to the 

L. starkeyi culture medium and the mechanisms involved in the improved oil productivity are also 

presented. 

 

4.2. Experimental 

4.2.1. Yeast strain, growth conditions, and chemicals 

Lipomyces starkeyi CBS1807 was cultured as described in Chapter 3. All reagents were 

purchased from Fujifilm Wako Pure Chemical (Osaka, Japan), unless otherwise noted. As the main 

culture method, the yeast was grown in yeast extract medium and okara medium composed of 1%, 

2%, and 3% (w/v) okara (Nissin Foods Co., Ltd., Hachioji, Japan) for 4 or 7 days at 30 °C, with 

shaking at 150 rpm. All media were supplemented with 10% D(+)-glucose as the carbon source. The 

medium was sterilized by autoclaving at 121 °C for 20 min. 
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4.2.2. Analysis for NH4
+, glucose, cell concentration, and TAG 

Samples for analysis were filtered through a centrifugal-type 0.45 μm polyolefin filter 

(Kurabo Industries, Osaka, Japan) and diluted with distilled water to enter the quantification range. 

The NH4
+ concentration in the culture supernatant was determined via enzymatic analysis using an 

Ammonia Assay Kit (Cell Biolabs, San Diego, USA), according to the manufacturer’s instructions. 

The glucose concentration in the culture supernatants was measured using the Wako Glucose C-II Test, 

following the manufacturer’s instructions. The cell concentration and TAG concentration were 

measured the same as in Chapter 3.  

 

4.2.3. Metabolome analysis 

Metabolite extraction was conducted as follows: the cultured medium was filtered through 

centrifugal- type 0.45 μm polyolefin filter (Kurabo) at 9200 × g at 4 ºC to remove cells and other 

debris, and then, 80 µL of the supernatant was mixed with 20 µL of Milli-Q water containing internal 

standards (H3304-1002, Human Metabolome Technologies, Inc. (HMT), Tsuruoka, Yamagata, Japan). 

The mixture was centrifugally filtered through a 5 kDa cutoff filter (ULTRAFREE MC PLHCC, HMT) 

at 9100 × g at 4 ºC to remove macromolecules. The filtered culture supernatant was then used for the 

metabolomic analysis at HMT. Metabolome analysis was conducted according to HMT’s Basic Scan 

package using capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS), based on 

previously described methods [123, 124].  

Briefly, CE-TOFMS analysis was performed using an Agilent CE capillary electrophoresis 

system equipped with an Agilent 6230 time-of-flight mass spectrometer (Agilent Technologies, Santa 

Clara, CA, USA). The systems were controlled using Agilent MassHunter Workstation Data 

Acquisition (Agilent Technologies) and connected by a fused silica capillary (50 μm i.d. × 80 cm) with 

a commercial electrophoresis buffer (H3301-1001 and I3302-1023 for cation and anion analyses, 
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respectively; HMT) as the electrolytes. The mass spectrometer was scanned from m/z 50 to 1000, and 

the peaks were extracted using the MasterHands automatic integration software (Keio University, 

Tsuruoka, Japan) to obtain peak information, including m/z, peak area, and migration time (MT) [125]. 

Signal peaks corresponding to isotopomers, adduct ions, and other product ions of known metabolites 

were excluded, and the remaining peaks were annotated according to the HMT metabolite database 

based on their m/z values and MTs. The areas of the annotated peaks were normalized to those of the 

internal standards. Furthermore, 110 primary metabolites, containing amino acids and GSH, were 

quantified based on one-point calibrations using their respective standard compounds. 

 

 

4.2.4. Data analysis 

For culture evaluations, statistical analysis was performed using Student’s t-test or Tukey’s 

test with GraphPad Prism (version 10.2.1; GraphPad Software, San Diego, USA). Differences were 

considered statistically significant at p < 0.05. Values are presented as mean ± standard deviation, 

calculated from triplicate experiments. The oil conversion rate (% [w/w]) from glucose by yeast was 

calculated using Equation (4.1). 

Oil conversion rate (%)  =  
Δ(𝑃)

Δ(𝑆)
 (4.3) 

 

where Δ(P) and Δ(S) indicate differences in the produced oil and consumed glucose, respectively, at 

the sampling and starting points of cultivation. For the metabolomic analysis, hierarchical cluster 

analysis (HCA) and principal component analysis (PCA) were performed using HMT’s proprietary 

MATLAB and R programs [126], respectively. The detected metabolites were linked to a metabolic 

pathway index based on the HMT database constructed from public databases. 
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4.3. Results and discussion 

4.3.1. Quantitative evaluation of nitrogen components in okara and yeast extract media 

The total nitrogen content of okara, a residue from tofu and soymilk production, has been 

reported to be 3.7 ± 0.2% (w/w) in Table 3.1, with the free amino acid content being only 0.1% (w/w) 

[110]. Therefore, to confirm the nitrogen source components in the okara medium used in this study 

(composed of okara and glucose), free amino acid and NH4
+ concentrations were measured and 

compared with those in the yeast extract medium. The concentration of total free amino acids was 80.6 

± 8.5 mM in the 5% (w/v) yeast extract medium, whereas it was 1.9 ± 0.02 mM in the 2% (w/v) okara 

medium, which is less than 1/42 of that in the yeast extract medium (Fig. 4.1a). The NH4
+ 

concentration was 57.6 ± 2.97 mM in the yeast extract medium and 3.5 ± 0.09 mM in the okara medium, 

which was less than 1/16 of that in the yeast extract medium (Fig. 4.1b). These results suggest that the 

low cell growth and low TAG yields associated with cultures using only okara as the nitrogen source 

(Fig. 3.2) could be due to a lack of nitrogen, especially in the early stages (cell proliferation phase) of 

culture. Insufficient nitrogen sources not only hinder cell proliferation but also cause metabolic 

fluctuations in which AMP is consumed to compensate for the lack of nitrogen sources in yeast cells, 

which may induce a metabolic shift from cell proliferation to TAG synthesis, even early in culture [27, 

38]. Thus, supplementing the okara medium with a nitrogen source may promote cell growth in the 

early stages of culture and eventually lead to increased oil yields. 
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Fig. 4.1 Quantitative analysis of nitrogen sources in the culture media. (a) Concentration of free amino 

acids and (b) NH4
+ in the culture medium. The yeast extract medium contained 5% (w/v) yeast extract 

and 10% (w/v) glucose. The okara medium contained 2% (w/v) okara and 10% (w/v) glucose. Mean 

± S.D., ****p < 0.0001, n = 3, Student’s t-test. 

 

4.3.2. Effect of ammonium salt addition 

Ammonium sulfate ([NH4]2SO4), a commonly used inorganic nitrogen source in culture 

media, was added to the okara medium (1, 2, and 3% [w/v] okara with 10% [w/v] glucose) to increase 

cell proliferation by resolving the lack of nitrogen components in the early stages of culture. Its 

addition significantly increased not only the cell concentration but also TAG production in the okara 

medium after 4 days of culture (Fig. 4.2a,b). The addition of 1% (w/v) ammonium sulfate to 2% (w/v) 

and 3% (w/v) okara media resulted in higher oil yields than those in the yeast extract medium, by 1.29 

± 0.04 (fold) and 1.33 ± 0.15 (fold), respectively (Fig. 4.2a). Without the addition of ammonium 

sulfate, the cell concentrations were as low as 0.31 ± 0.02 (fold), 0.45 ± 0.03 (fold), and 0.47 ± 0.03 

(fold) in 1% (w/v), 2% (w/v), and 3% (w/v) okara media, respectively, compared to those in the yeast 

(a) (b) 
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extract medium. The addition of 1% (w/v) ammonium sulfate also significantly increased the cell 

concentration to 0.82 ± 0.12 (fold), 0.86 ± 0.09 (fold), and 1.01 ± 0.03 (fold), respectively, which was 

comparable to that achieved with the yeast extract medium (Fig. 4.2b). The total nitrogen 

concentration in 3% (w/v) okara medium supplemented with 1% (w/v) ammonium sulfate was 

calculated as 0.32% (w/w), lower than the 0.5% (w/w) in the yeast extract medium. Therefore, the 

improvement in cell concentration and oil yield may be due more to the effect of adding ammonium 

sulfate itself than to the effect of increased total nitrogen in the medium. 

Next, to determine whether NH₄⁺ ions or SO₄²⁻ ions are important for TAG production, 

various ammonium or sulfate salts were added to the culture medium (Fig. 4.3a). Diammonium 

hydrogen phosphate ([NH4]2HPO4, 0.9% [w/v]), ammonium chloride (NH4Cl, 0.7% [w/v]), and 

sodium sulfate (Na2SO4, 1.0% [w/v]) were added to a 2% (w/v) okara medium. Here, the TAG 

concentration was significantly increased only in the ammonium sulfate-added group (13.4 ± 0.52 

[g/L]) compared to that in the okara medium group (8.7 ± 0.69 [g/L]). However, no significant increase 

in the oil yield was observed in the ammonium chloride-added group (9.2 ± 0.23 [g/L]), and the oil 

yield was significantly decreased in the diammonium hydrogen phosphate-added group (5.9 ± 0.70 

[g/L]). In the case of sodium sulfate addition, the oil yield was 9.4 ± 0.59 (g/L), showing no significant 

increase. These results indicate that adding NH₄⁺ alone does not increase the oil yield and that the 

combination of NH4
+ and SO4

2− is important for increasing oil production. Additionally, regarding the 

significant decrease in oil yields observed with the addition of ammonium dihydrogen phosphate, the 

excessive addition of phosphorus may have negatively affected oil accumulation, in accordance with 

a previous report showing that phosphorus limitations can induce oil accumulation [52]. Regarding 

the cell concentration, all groups, except the ammonium chloride-supplemented group, showed a 

significant increase compared to that with the okara medium (Fig. 4.3b). The effect of diammonium 

hydrogen phosphate addition is thought to be due to a change in metabolism toward an increase in the 
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cell concentration caused by excessive phosphorus addition. For sodium sulfate, the positive effect 

was on cell proliferation but not on the TAG yield, indicating that the oil accumulation per cell 

decreased, which is also thought to be due to the change in metabolism with increasing cell 

concentration. With ammonium chloride addition, a significant decrease in the cell concentration was 

observed, suggesting that NH4
+ addition alone does not lead to an increase in cell proliferation, 

whereas phosphate ions and SO₄²⁻ may contribute to the cell concentration increase. 

 Furthermore, ammonium sulfate was tested as the sole nitrogen source without the addition 

of okara. The oil yields for 1% (w/v) and 2% (w/v) ammonium sulfate media were 2.2 ± 0.44 (g/L) 

and 2.1 ± 0.20 (g/L), respectively, which were significantly lower than those in the yeast extract group 

(12.9 ± 0.24 [g/L]) (Fig. 4.3c). Similarly, cell concentrations were also significantly lower, at 1.02 ± 

0.16 × 10⁸ (cells/mL) and 1.11 ± 0.19 × 10⁸ (cells/mL), respectively, compared to those in the yeast 

extract group (7.57 ± 0.25 × 10⁸ [cells/mL]) (Fig. 4.3d). This indicates that ammonium sulfate alone 

does not improve cell growth or TAG production. The previously described results (Fig. 4.2 and 4.3) 

indicate that okara, NH4
+, and SO4

2− are the three elements necessary for high oil yields from L. 

starkeyi. Additionally, NH4
+ and SO4

2− had supplementary roles in promoting the growth of L. starkeyi, 

whereas organic nitrogen (proteins and amino acids) derived from okara was primarily utilized during 

cultivation.  

Therefore, ammonium sulfate can compensate for nitrogen deficiency in the early stages of 

cultivation; however, this alone was not sufficient to fully elucidate the mechanism underlying the 

increased oil yield and cell concentration. And it was suggested that NH₄⁺ and SO₄²− may complement 

the rate-limiting metabolic processes and components. 

 



71 

 

 

 

 

Fig. 4.2 Effect of (NH4)2SO4 addition (1% [w/v]) to the okara medium on the (a) TAG productivity  

and (b) cell concentration. The data were obtained after 96 h of incubation. Mean ± S.D., n = 3, 

Tukey’s test, different letters above the columns for each experimental group indicate significant 

differences between groups (p < 0.05). 

 

 

(a) 

(b) 
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Fig. 4.3 Effect of the addition of various salts on the (a) TAG productivity and (b) cell concentration. 

Each salt was added such that the concentrations of NH4
+ ions among ammonium salts or SO4

2− ions 

among sulphate salts were the same. Comparison of (c) TAG productivity and (d) cell concentrations  

between the yeast extract medium and media using (NH4)2SO4 as a single nitrogen source. The data 

were obtained after 96 hour of incubation. Mean ± S.D., n = 3, Tukey’s test, different letters above the 

columns for each experimental group indicate significant differences between groups (p < 0.05). 

 

(c) (d) 

(a) (b) 
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4.3.3. Effects of ammonium sulfate addition based on a metabolome analysis 

To investigate the mechanism underlying the increased oil production induced by 

ammonium sulfate addition, a metabolome analysis of the culture supernatants was performed. Table 

4.1 shows the culture samples analyzed by metabolome analysis and the culture experiment data. 

Similar to the results shown in Fig. 4.2, the group with 2% (w/v) okara supplemented with 1% (w/v) 

ammonium sulfate (hereafter referred to as the okara-ammonia group) showed higher oil yields than 

the group with 5% (w/v) yeast extract (hereafter referred to as the yeast extract group). The cell 

concentration was also increased in the okara-ammonia group compared to that in the 2% (w/v) okara 

group (hereafter referred to as the okara group). The oil accumulation per cell (amount of TAG per 

cell) was similar between the okara and okara-ammonia groups on day 4 and was higher than that in 

the yeast extract group. On day 7, the accumulation in the okara-ammonia group was higher than that 

in the okara group. The okara medium group had higher residual glucose content than the okara-

ammonia and yeast extract groups, suggesting that the low oil yield in the okara medium was due to 

low cell concentration and slow sugar consumption. On day7, the amount of TAG per cell in the okara-

ammonia group was almost the same as on day 4, but those in the yeast extract and okara medium 

groups decreased, suggesting that the presence of ammonium sulfate may suppress TAG degradation. 

The glucose-to-oil conversion rate per cell was highest in the okara group (28.6 ± 3.78%) on day 4, 

but on day 7, the okara-ammonia group exhibited the highest rate (19.8 ± 0.45%). Considering that 

the oil yield and cell concentration in the okara group on day 4 were the lowest among the three groups, 

it is thought that the oil conversion rate increased because glucose was used for oil production and not 

for cell proliferation. These results suggest that the high oil yield of the okara-ammonia group was 

mainly due to an increase in cell concentration and that the oil produced was maintained within the 

cells. 
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Table 4.1 Comparison of oil productivity and culture medium conditions used for metabolome 

analysis. 

TAG, triacylglycerol 

 

Next, a metabolome analysis based on CE-TOF-MS was performed, and 400 metabolites 

were detected in the three culture groups. The metabolites detected in each culture medium were 

classified using a metabolic index based on the HMT database. The number of metabolites detected in 

each sample was expressed as a percentage of the total number of metabolites (400 compounds) 

detected in the whole group as detection ratio (Fig. 4.4). The metabolic index associated with each 

metabolite was also indicated by color coding in the figure. Metabolites were linked to various 

metabolic indices, such as energy and amino acid metabolism. The detection ratio was the lowest and 

decreased with culture time in the okara group. In contrast, in the okara-ammonia group, the detection 

ratio increased with the culture time and reached a level similar to that in the yeast extract group, 

indicating that the addition of ammonium sulfate activated yeast metabolism. 

          

 A: Yeast Extract B: Okara C: Okara-ammonia 

Culture medium 

condition 

Carbon 

source 

 Glucose, 10% (w/v)  

Nitrogen 

source 

Yeast extract, 

5% (w/v) 

Okara, 

2% (w/v) 

Okara, 2% (w/v)  

+ (NH4)2SO4, 1% (w/v) 

Cell concentration 

 (108 cells/mL) 

day4 5.8 ± 0.31 3.7 ± 0.12 4.7 ± 0.01 

day7 6.3 ± 0.09 3.8 ± 0.33 4.9 ± 0.43 

TAG concentration 

 (g/L) 

day4 14.3 ± 0.40 13.8 ± 1.81 18.8 ± 1.18 

day7 12.2 ± 0.59 9.4 ± 0.10 19.7 ± 0.44 

Amount of TAG per cell 

(mg/108 cells) 

day4 2.5 ± 0.13 3.8 ± 0.13 4.0 ± 0.10 

day7 1.9 ± 0.03 2.5 ± 0.21 4.0 ± 0.35 

Oil conversion rate 

 (% [w/w]) 

day4 19.4 ± 0.56 28.6 ± 3.78 25.2 ± 1.80 

day7 12.3 ± 0.60 11.3 ± 0.40 19.8 ± 0.45 

Residual glucose content 

 (%) 

day4 2.6 ± 0.04 5.2 ± 0.10 2.5 ± 0.26 

day7 0.10 ± 0.05 1.6 ± 0.29 0.09 ± 0.02 
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Fig. 4.4 Detection ratio of metabolites in each medium group and metabolic symbols. The metabolites 

detected in each culture supernatant were classified based on their metabolic symbols and the number 

of them was presented as a percentage of the total 400 metabolites detected. Values represent the 

averages of each sampling point (n = 3). When multiple metabolic symbols are associated with a 

metabolite, they overlap.  

 

In addition, PCA was performed on all metabolites, resulting in three different medium 

groups classified into three distinct clusters (Fig. 4.5). PC1 (horizontal axis) primarily reflected the 

differences between the yeast extract group (A, green) and the two okara-based groups, the okara 

group (B, blue) and the okara-ammonia group (C, red), whereas PC2 (vertical axis) primarily reflected 

the differences between the groups over time. The okara group (B) showed less metabolic variation 

over time than the other two groups, whereas the okara-ammonia group (C) exhibited obvious 

metabolic variation with the culture duration, with performance similar to that of the yeast extract 

group (A). These results support our hypothesis that metabolic activation induced by ammonium 

sulfate addition contributes to increased cell concentration and oil yields.  
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Fig. 4.5 Principal component analysis (PCA) of the metabolome. The graph was drawn using the first 

and second principal components (PC1 and PC2). Group A (green): yeast extract. Group B (blue): 

okara. Group C (red): okara-ammonia. 

 

To identify the activated metabolic pathways, heatmap generation and HCA were performed 

to compare the okara and okara-ammonia groups. As shown in Fig. 4.6 and Table 4.2, GSH, γ-Glu-

Cys, Cys (cysteine), and Gln (glutamine) were included in the metabolic clusters with the largest 

variations. This indicated that metabolic clusters related to the GSH metabolic pathway were largely 

increased from day 2 to 4. Therefore, it is strongly suggested that the GSH metabolic pathway is 

enhanced in the okara medium supplemented with ammonium sulfate.  

  



77 

 

Fig. 4.6 Heatmap and hierarchical clustering analysis of metabolome of Lipomyces Starkeyi 

in okara or okara-ammonium medium. Overall view of the heatmap of the metabolome profiles 

ordered based on the average slope of the fold-change and results of the HCA. All metabolic substance 

values were standardized (average: μ = 0, dispersion: σ = 1) to align the data scales and are presented 

as the standardized relative area. The correlation coefficient was used as an indicator of the distance 

between peaks, whereas the unweighted pair group method with arithmetic mean (UPGMA method) 

was used to calculate the distance between clusters and create a tree diagram.  
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Table 4.2 Metabolite clusters with large variation and their standardized relative area. 

Compounds in metabolite clusters shown in the black square frame in Fig. 4.6 were listed. 

 

 

Table 4.3 shows the changes in the concentrations of the 20 natural amino acids and GSH 

in all three groups. In the okara group, the amino acid content was low; most amino acids were 

consumed after 24 h of culture, and all were below the detection limit by day 7. In the yeast extract 

group, amino acids, except Cys and Gln, were present at high levels (several hundred to 10,000 ppm, 

even on day 7), indicating an excess amount of amino acids in the culture medium. In the okara-

ammonia group, arginine (Arg), glutamine (Gln), and glutamic acid (Glu) levels increased during the 

Line No. Compound name B-d0 C-d0 B-d1 C-d1 B-d2 C-d2 B-d4 C-d4 B-d7 C-d7

160 Glutathione (GSH) -0.730 -0.723 -0.470 -0.053 -0.170 1.952 -0.359 1.735 -0.738 -0.443

161 Butyric acid -0.695 -0.695 -0.354 -0.199 -0.170 1.627 -0.172 2.049 -0.695 -0.695

162 Thiamine phosphate -0.471 -0.471 -0.471 -0.471 -0.471 2.143 -0.471 1.623 -0.471 -0.471

163 Quinolinic acid -0.474 -0.474 -0.474 -0.474 -0.474 1.924 -0.474 1.870 -0.474 -0.474

164 AMP -0.606 -0.587 -0.502 -0.256 -0.553 1.914 -0.212 1.844 -0.598 -0.445

165 Noradrenaline -0.461 -0.461 -0.461 -0.461 -0.461 1.350 -0.461 2.340 -0.461 -0.461

166 DOPA -0.454 -0.454 -0.454 -0.454 -0.454 1.193 -0.454 2.435 -0.454 -0.454

167 UMP -0.679 -0.679 -0.679 -0.032 -0.679 1.592 0.742 1.774 -0.679 -0.679

168 S -Adenosylmethionine -0.271 -0.195 -0.786 0.220 -0.458 1.175 -0.884 2.018 -1.259 0.441

169
5-Oxo-2-

tetrahydrofurancarboxylic acid
-0.326 -0.315 -0.281 -0.130 -0.589 1.280 -1.105 1.981 -1.105 0.589

170 Succinyladenosine -0.682 -0.660 -0.823 -0.131 0.176 1.366 -0.618 1.804 -1.159 0.727

171 GABA -0.659 -0.622 -0.688 0.045 -0.655 1.930 -0.646 1.483 -0.770 0.582

172 Cys -0.636 -0.636 -0.636 -0.256 -0.636 1.833 -0.636 1.683 -0.636 0.560

173 Pyridoxamine 5'-phosphate -0.671 -0.671 -0.671 0.073 -0.671 1.699 -0.671 1.785 -0.671 0.470

174 Guanidinosuccinic acid -0.628 -0.628 -0.628 -0.026 -0.628 1.708 -0.628 1.920 -0.628 0.169

175 γ-Glu-Cys -0.635 -0.635 -0.635 0.257 -0.635 1.897 -0.635 1.705 -0.635 -0.047

176 NMN -0.619 -0.619 -0.573 -0.548 -0.544 2.018 -0.498 1.612 -0.541 0.312

177 Hypotaurine -0.746 -0.746 -0.524 0.099 -0.462 2.112 -0.746 1.249 -0.746 0.508

178 GMP -0.663 -0.663 -0.663 0.295 -0.663 2.135 -0.663 1.284 -0.663 0.263

179 CMP -0.642 -0.642 -0.642 -0.221 -0.642 2.124 -0.642 1.164 -0.642 0.783

180 γ-Glu-Asn -0.681 -0.681 -0.681 0.325 -0.681 1.357 -0.681 2.034 -0.681 0.370

181 N -Acetylalanine -0.730 -0.730 -0.730 0.432 -0.730 1.585 -0.730 1.577 -0.730 0.784

182 Saccharopine -0.282 -0.304 -0.956 0.135 -0.539 2.106 -0.614 1.180 -1.117 0.392

183 Arg -0.466 -0.246 -0.872 0.767 -0.867 1.920 -0.870 1.120 -0.878 0.390

184 Uridine -0.460 -0.458 -0.581 0.550 -0.633 2.332 -0.644 0.718 -1.055 0.232

185 Gln -0.588 -0.574 -0.611 0.798 -0.612 2.325 -0.616 0.818 -0.623 -0.316

Standardized Relative Area
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early to-mid culture period and were consumed during the mid-to-late culture period. In particular, 

Gln increased more than 50-fold from day 0 to day 3 (23 to 1361 ppm) and disappeared in the latter 

half of the culture (1361 to142 ppm), suggesting that Gln- or glutamine-related metabolism has a major 

effect on oil productivity. In contrast, Cys was detected only on day 4 in the yeast extract group, but 

low levels of Cys were detected in the okara-ammonia group on days 2, 4, 5, and 7, suggesting that 

Cys-related metabolism was maintained in the okara-ammonia group. Gln is converted intracellularly 

to Glu, which combines with Cys, mediated by γ-glutamylcysteine synthetase, to form γ-Glu-Cys, 

which further combines with Gly, mediated by glutathione synthetase, to form γ-Glu-Cys-Gly 

(glutathione, GSH). However, GSH is degraded to form Gly, Cys, and γ-Glu and is metabolized again 

[127]. Therefore, the Cys, Gln, and Glu concentration variations were consistent with the GSH-related 

metabolic variations revealed through HCA, suggesting that ammonium sulfate affects GSH-related 

metabolic pathways.  
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Furthermore, the quantitative results showed that the maximum amount of GSH (20–150 

ppm) was detected in all groups during the mid-culture period (days 2 and 4), but most of it was lost 

by day 7 (1.1 μM for the yeast extract group, below the detection limit for the okara group, and 16 μM 

for the okara-ammonium group) (Table 4.3). The maximum concentration of GSH in the okara group 

was 31 μM at day 2, whereas it was 127 μM in the yeast extract group at day 4 and 148 μM in the 

okara-ammonium group at day 2, showing that GSH was detected in these two groups in amounts 

more than four times that in the okara group. This suggests that the addition of ammonium sulfate to 

the okara medium altered GSH-related metabolism to a level equal to or greater than that in the yeast 

extract group. On day 7, 16 μM GSH was detected in the okara-ammonium group, which was 10 times 

higher than that in the yeast extract group (1.1 μM), suggesting that GSH-related metabolism was 

enhanced for a longer period compared to that in the yeast extract group. 

 

4.3.4. Estimated mechanism of enhanced GSH metabolism and improved oil productivity mediated 

by ammonium sulfate addition 

The results of culture experiments and the metabolomic analysis revealed a relationship 

between enhanced GSH metabolism and improved oil productivity following the addition of 

ammonium sulfate to the okara medium. A previous study reported that budding yeast GSH synthase-

mutants could not survive and exhibited apoptosis [128]. Another study showed that enhanced GSH 

synthase expression improves TAG synthesis in the oleaginous yeast Y. lipolytica [122]. Furthermore, 

a report of oil production and cellular physiological responses in budding yeast suggested that 

excessive fatty acids may induce endoplasmic reticulum stress and indirectly cause oxidative stress 

[129]. Combining these previous findings with the present results, GSH metabolism may be important 

for cell function maintenance and TAG synthesis in L. starkeyi, and the activation of GSH-related 

metabolism may contribute to the increased oil yield. In an activated state of metabolism, ROS are 

easily generated, in association with respiration for energy production [128], indicating that increased 
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GSH synthesis protects cells from oxidative damage. Furthermore, GSH serves as a sulfur reservoir 

[130], and the depletion of GSH observed in the late culture phase was presumed to be due to the reuse 

of reduced sulfur (Cys) accumulated in the mid-culture phase. This mechanism is thought to enable 

the maintenance of high metabolic levels.   

Furthermore, culture experiments (Fig.4.2 and 4.3) showed that both NH4
+ and SO4

2− are 

important for increasing the oil yield. Therefore, the following mechanism(s) is proposed for the 

activation of GSH-related metabolism by these ions (Fig. 4.7): SO₄²− is taken up into cells, promoting 

the sulfur assimilation pathway (reduction pathway, from sulfate to Cys), and activating Cys synthesis. 

The increased Cys levels are then used for GSH synthesis [119]. However, it is also important to 

consider that the Gln and Glu pools expand owing to a sufficient NH4
+ supply. The detection of large 

amounts of Gln during the middle stage of culture with the addition of ammonium sulfate suggests 

that the ammonium assimilation pathway [131], which synthesizes Gln from Glu and NH4
+, becomes 

active at high concentrations of NH4
+. This suggests that the synthesis pathways for nucleobases and 

nucleic acids are promoted by an abundant nitrogen supply, resulting in more efficient cell 

proliferation. In addition, an increase in Glu and its precursor Gln leads to an abundant supply of 

substrates for GSH synthesis, resulting in the activation of GSH-related metabolism.  
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In summary, when L. starkeyi was cultured in the okara medium, the cell concentration was 

low, but the oil accumulation per cell was higher than that in the yeast extract medium (Table 4.1). 

This was attributed to the initial nitrogen deficiency in the culture, which led to the degradation of 

AMP to supply NH4+. This resulted in a decrease in ICDH activity and negative regulation of the TCA 

cycle, thereby activating the oil accumulation pathway before cell proliferation reaches a sufficient 

level. In contrast, the addition of ammonium sulfate to the okara medium increased the cell 

concentration, whereas the oil accumulation per cell was equal to that in the okara medium, resulting 

in a higher oil yield per culture compared to that in the okara and yeast extract media (Fig. 4.2a). This 

suggests that the addition of ammonium sulfate compensates for nitrogen source depletion in the early 

stages of culture, thereby contributing to improved cell proliferation through maintenance of the TCA 

cycle. However, the results of the culture experiment (Fig. 4.3c,d) showed that supplementation with 

NH4
+ alone was insufficient to increase the oil yield, suggesting that the combination of NH4

+ and 

SO4
2− is important for activating metabolism and increasing oil yield. Metabolomic analysis results 

(Fig. 4.6, Table 4.2 and Table 4.3) suggest that SO₄²− contributes to the supply of Cys mediated by 

sulfur assimilation pathway, whereas NH4
+ may activate Gln and Glu metabolism through activation 

of the ammonia assimilation pathway, thereby inducing the activation of GSH-related metabolism. 

This suggests that abundant GSH may counteract the oxidative stress and apoptosis caused by ROS, 

thereby maintaining cell function and improving TAG synthesis. On the other hand, regarding culture 

medium costs, yeast extract costs from 20 to 60 dollars per kilogram, ammonium sulfate costs several 

dollars per kilogram, and okara costs tens of cents per kilogram. Therefore, the okara medium 

supplemented with ammonium sulfate can reduce the medium nitrogen source costs for L. starkeyi 

culture to a level of several % that of conventional yeast extract culture media.  

To our knowledge, this study is the first to demonstrate the relationship between the addition 

of ammonium sulfate, an inexpensive inorganic nitrogen source, and its effects on GSH metabolism 
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and oil yield in oleaginous yeast through culture experiments and metabolome analyses. These 

findings provide new insights into both the microbiology and practical applications of alternative oil 

production mediated by oil-producing microorganisms. In the future, more detailed mechanisms will 

be elucidated by measuring the intracellular metabolomes, gene expression changes, and enzyme 

activities.  

 

4.4. Conclusions 

The graphical summary of this chapter was shown in Fig. 4.8. 

Fig. 4.8 Graphical summary of this chapter. 

 

In this chapter, the effect of adding ammonium salts as a nitrogen supplement to an okara medium on 

oil production by L. starkeyi was investigated. Among the salts tested, ammonium sulfate was found 

to be the most effective in promoting cell growth and oil yield, indicating the importance of adding 

both NH4
+ and SO4

2− ions to the okara medium. Metabolome analysis of the culture medium revealed 

that ammonium sulfate addition activated GSH-related metabolic and ammonia assimilation pathways, 
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strongly suggesting that these pathways contribute to the maintenance of cellular functions and TAG 

synthesis. Based on these results, it was concluded that the addition of ammonium sulfate to the okara 

medium promoted cell proliferation by supplementing the initial nitrogen source depletion and, 

furthermore, increased oil production through the activation of GSH metabolism and ammonia 

assimilation. The cost of the okara medium with ammonium sulfate is as low as approximately 

several % of that of the yeast extract medium. These findings will provide new insights into yeast 

microbiology and industrial applications of oil production by oleaginous yeast. 
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Chapter 5 
Conclusions 
 

 Oils and fats are widely used in foods, fuels, chemical products, detergents, ink solvents, etc. 

around the world. Among edible oils, palm oil is particularly popular and accounts for more than 35% 

of global vegetable oil production because it is cheaper than other vegetable oils and has high chemical 

stability. However, palm oil production faces various issues that threaten its stable supply such as 

environmental and human rights problems, as well as the risk of future climate change. Therefore, 

alternatives to palm oil are needed to ensure a sustainable and stable supply. For this reason, oleaginous 

yeast Lipomyces starkeyi is a promising candidate as an alternative oil producer due to its high 

productivity of oils similar to palm oil. However, oil production by L. starkeyi has not yet been 

industrialized because feasible and suitable production processes for the food industry have not been 

established. 

 This study focuses on the development of upstream and downstream processes for low-cost 

oil production by L. starkeyi applicable to the food industry by applying membrane separation 

technology and utilizing inexpensive food residues such as okara for culture medium. All detailed 

results are described in the Chapters 2 to 4, and are summarized below: 

 

5.1. Simple and economical downstream process development for edible oil production from 

oleaginous yeast Lipomyces starkeyi 

 This chapter investigates a food-grade process for the low-cost and industrial production of 

oil from the oleaginous yeast L. starkeyi. Conventionally, the emulsification generated by crushing 

yeast cells in the presence of water inhibits oil extraction, so a drying process after cell recovery and 
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hazardous organic solvents were performed for efficient extraction. As a new method, filtration 

separation by nonwoven fabric was applied to an emulsified solution and oil extraction from the 

residue using a 3:1 hexane/ethanol mixture. As a result, the recovery rate of the oil was 98.2%, 

demonstrating its effectiveness. Based on the results of experiments using model liquids, the filtration 

separation method is considered to be a method that allows extraction-inhibiting substances to pass 

through and reduces their amount, in contrast to conventional drying methods. This new process 

eliminates the need for yeast cell recovery and vacuum freeze-drying, reducing energy consumption 

by 26% and processing costs by 34% compared to conventional oil extraction methods. Additionally, 

achieving high-efficiency oil extraction and recovery while using solvents suitable for food processing 

is noteworthy. This efficient process has the potential to support the practical application of edible 

palm oil substitutes. 

 

5.2. Utilization of okara as a culture medium by membrane concentration process for high oil 

production by oleaginous yeast, Lipomyces starkeyi 

In this chapter, okara, a food residue, was investigated as a nitrogen source for culture media 

in order to reduce upstream process costs. Okara medium showed a lower oil yield than conventional 

media, which was thought to be due to its high viscosity caused by the high content of insoluble solids 

in okara. Therefore, the oil yield was greatly improved by using okara extract solution from which 

insoluble solids had been removed by a filter paper. For further optimization, the concentrated extract 

solution using NF, UF, and RO membranes was applied for a culture medium. The culture medium 

concentrated 5-fold by NF membranes showed best oil yields (20 [g/L], 1.44 times than yeast extract, 

1.69 times than okara extract solution). There was a positive correlation between total nitrogen 

concentration and oil yield up to a certain threshold, but beyond that, the yield remained flat or 

decreased. These results suggest that the NF membrane process is optimized at a cutoff of 

approximately 500 Da, achieving a balance between the concentration of growth-promoting 
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components and the permeability of inhibitory substances. These findings demonstrate the potential 

of okara for use in the upstream process of oil production by yeast, enabling significant cost reductions 

in culture media and high oil yields. 

 

5.3. Effects of inorganic nitrogen addition to okara-utilized medium on oleaginous yeast, 

Lipomyces starkeyi and estimation of metabolism involved in the high oil production 

In this chapter, focusing on the deficiency of nitrogen nutrients in the initial environment of 

okara medium, the effect of adding ammonium salt, which is an inorganic nitrogen, was investigated. 

Among ammonium salts, the addition of ammonium sulfate greatly improved not only cell 

concentration but also the oil yield of okara medium, exceeding that of conventional yeast extract 

medium. Furthermore, it was shown that the combination of SO4
2- and NH4

+ ions is important for this 

effect by culture experiments. On the other side, metabolomic analysis of the medium revealed that 

the addition of ammonium sulfate activates glutathione (GSH) -related metabolic pathways and 

ammonia assimilation pathways, possibly contributing to the maintenance of cellular function and 

enhanced oil productivity. This study is the first report showing that oil yield can be improved in L. 

starkeyi by adding inorganic nitrogen to okara medium, and that ammonium sulfate affects GSH 

metabolism and oil yield. 

 

5.4. Summary of cost reduction effects on total oil production process of L. starkeyi 

In the above three chapters, the upstream and downstream processes of oil production by L. 

starkeyi were examined using membrane separation technology and food residues. Based on these 

results, the cost reduction effects, which is one of the main objectives of this research are summarized 

in Table 5.1. 
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Table 5.1 Summary and comparison of cost reduction achievement in each chapter compared to 

conventional process.  

        

  Improved point Cost after reduction Reference 

Upstream 

Okara extract 

concentration 
60.2% Chapter 3  

Okara  

+ (NH4)2SO4 
66.2% Chapter 4 

Downstream 
Filtration  

separation  
90.7% Chapter 2 

Total 
Okara extract concentration 

Filtration separation 
53.7%* - 

*: The total cost after reduction was calculated based on the combination of okara extract concentration 

(upstream) and filtration separation (downstream), and the details are described in section 5.4.. 

 

As for the upstream process, oil production by culture of L. starkeyi, two approaches were 

conducted (Chapter 3 and 4). In Chapter 3, membrane concentration of nitrogen components in okara 

extract solution showed that it could be used as a substitute for conventional yeast extract, and the cost 

of nitrogen raw material for culture medium was estimated to be approximately 1/100. In addition, 

under the best conditions, the oil yield at day4 was 1.44 times higher compared to yeast extract medium 

(20.0 vs 13.9 [g/L], respectively). Then, the estimated cost reduction of this improvement in the overall 

process cost of oil production by L. starkeyi was calculated based on data from previous studies [58, 

60]. As a result, it was calculated that the introduction of this process would reduce the total cost by 

60.2%. 

On the other hand, in Chapter 4, the addition of inorganic nitrogen (especially, [NH4)2SO4) 

to a medium using okara was examined, and the cost of nitrogen material for the medium was 

estimated to be approximately 1/10 to 1/100 that of yeast extract. Furthermore, by adding ammonium 
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sulfate, the oil yield at day4 was 1.31 times higher than yeast extract medium (18.8 vs 14.3 [g/L], 

respectively). As a result of the estimated cost reduction in the total process, it was calculated that the 

introduction of this process would reduce by 66.2%. The above results demonstrate the advantages of 

the membrane concentration process for the okara extract solution in Chapter 3 when using okara in 

the upstream process.  

Regarding downstream processes, oil extraction and recovery process, in Chapter 2, 

introduction of filtration separation process and oil extraction by mixed solvents was examined. As a 

result, the cost in the oil extraction process was reduced to 34% of the conventional. Then, the 

estimated cost in the overall process was calculated to be 90.7%. 

Based on these results, the final total process cost after reduction achieved in this study was 

estimated. In the upstream process, a process using membrane concentration of okara extract as a 

culture medium (Chapter 3) was adopted, and in the downstream process, the process described in 

Chapter 2 was adopted. As a result, the estimated total cost after reduction was 53.7%. The detailed 

was shown following: About okara extract concentration, the use of okara reduced the cost of culture 

medium raw materials by 13.4% and further reduced the total cost by 30.5% by achieving an oil yield 

1.44 times higher. About filtration separation, oil extraction costs were reduced by 66% (100 – 34 = 

66%) which accounted for 9.3% of total costs. Based on the above, the total cost after reduction was 

calculated by following Eq..  

[100 − (𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) + (𝑜𝑖𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)]

÷ (𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑) 

= [100 − (13.4 + 9.3)] ÷ 1.44 

= 53.7 (%)  

 



92 

 

As described above, the utilization of membrane separation technology and food residues 

resulted in significant cost reductions in the production of alternative oil using L. starkeyi. 

 

5.5. Overall summary of the study 

This study focused on membrane separation technology and the production of oil from 

unexpensive food residues, and examined upstream and downstream processes with the aim of 

establishing low-cost oil production process by L. starkeyi that also can be applied to the food industry. 

Fig. 5.1 summarizes the overall outline of this research. 

 

Fig. 5.1 Relationship between the chapters of this thesis and the aim of the research. 

 

 Through the development of an upstream process utilizing okara in Chapters 3 and 4, 

improvements in oil yield and reductions in material costs were achieved. Meanwhile, in Chapter 2, the 

development of a new oil extraction process as a downstream process resulted in reductions in process costs 

and enabled application to the food industry. Combining these results, the main objective of this study, 
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which was establishing a low-cost process applicable to the food industry, has been achieved. This 

established process could support the practical application of edible palm oil substitutes, which in turn 

helps ensure oil and fat, resources that are essential for humankind. 
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