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Chapter 1 

Overview of the Thesis 

1.1 Objectives and Hypotheses of the Thesis  

The main objective of this project was to understand the parameters that influence 

triacylglyceride (TAG) synthesis in oleaginous microorganisms. The first step in accomplishing this 

goal was to generate an extensive literature review of oleaginous microbes and the use of single cell 

oils for biodiesel production. Central to this was understanding the current state of technology for 

biodiesel production using the two main organisms for biofuels, microalgae and yeasts. Key points of 

interest were the different strains currently used in production, limitations and expectations of the 

organisms, and unique features to these strains.  

After the literature was assessed, research with both algal and yeast candidates were 

undertaken.  A comparative analysis of mixotrophic and heterotrophic growth with a starch-less 

microalgal mutant, Chlamydomonas reinhardtii BAFJ5, was performed. The BAFJ5 strain is blocked 

for starch granule synthesis, thereby directing excess carbon toward lipid synthesis. This mutant is 

deemed one of the top candidates for algal biodiesel production, but studies on lipid synthesis under 

heterotrophic growth conditions (compared with photoautotrophic and/or mixotrophic growth 

condition) had not been reported in the literature. Our hypothesis for this work was that this strain (C. 

reinhardtii BAFJ5) could synthesize large amounts of TAGs when grown heterotrophically, even 

though reports in the literature stated that lipid synthesis was strictly linked to photosynthesis 

(photoautotrophic growth).  

To better understand heterotrophic growth and explore the potential of yeasts that synthesize 

single cell oils, the Phaff Yeast Culture Collection at the University of Southern California at Davis 

(UC-Davis), in the United States of America (USA) was screened to identify oleaginous yeast species. 

Yeasts have several advantages over microalgae and have been poorly researched for biofuel 



 

 

2 

production compared to microalgae. This less explored avenue has been vastly untapped, and a 

comprehensive screen of known and unknown strains has not sufficiently been reviewed. From this, an 

optimal strain for future work examining substrate utilization could be chosen. This candidate strain 

could also examine the effect of nitrogen limitation on TAG synthesis, pure and waste substrate 

utilization, and co-substrate feeding. The screening work paved the way for future work by enabling 

the selection of a specific species, Yarrowia lipolytica, for study in greater detail. Our hypothesis with 

characterization of Y. lipolytica was that substrate affected the quality and quantity of TAGs 

synthesized, and that the yeast could grow optimally and produce TAGs on waste carbon streams.  

 Ultimately, the final step in this examination would be to elucidate the internal mechanisms of 

the conditions that favor lipid synthesis. A comparative proteomic analysis of gene product expression 

patterns under physiological conditions of low and high TAG synthesis and storage was used to 

evaluate the metabolic mechanisms of TAG synthesis by Y. lipolytica. This work revealed mechanisms 

involved in the oleaginous phenotype, which could impact future strain modification research, as well 

as industrial applications. Our hypothesis for this work was that the enzyme ATP:citrate lyase is the  

crucial enzyme that conveys the oleaginous phenotype. Under conditions of nutrient deprivation, it was 

assumed that this enzyme would be greatly up-regulated, but in nutrient-rich conditions, it would be 

down-regulated.  

1.2 Structure of the Thesis 

This thesis is presented as a sandwich thesis format. Each chapter represents a stand-alone 

manuscript. Certain chapters will be submitted to, and/or are already submitted and published in an 

internationally recognized, peer-reviewed journal, with self-contained references. A summary of the 

literature (Chapter 2, not published) examines the importance of generating a biological replacement 

for petroleum diesel, followed by a list of potential organisms capable of doing this. Two of the main 
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organism subtypes, microalgae and yeast are evaluated in terms of biomass production, reactor and 

nutrient requirements, and substrate utilization.  

Following the literature review, a potentially lucrative mutant strain of microalgae was tested 

for the ability to grow in heterotrophic conditions (Chapter 3, not published). Chapter 3 examines work 

with the C. reinhardtii BAFJ5 as part of a collaboration with the Australian National University, in 

Canberra, ACT. Next, one of the largest published screens of oleaginous yeast analyzed lipid content in 

nitrogen-depleted and nitrogen-replete conditions for selection of a yeast strain for future work 

(Chapter 4, published). Chapter 4 is a comprehensive oleaginous yeast screen done in conjunction with 

University of California at Davis’ Phaff Yeast Culture Collection. 

The selected strain from this screen, Yarrowia lipolytica, was used for further research 

pertaining to the kinetics of cell mass production, TAG synthesis and accumulation response to 

nitrogen-deprivation, and waste substrate utilization (Chapter 5, published). Y. lipolytica was grown 

under nitrogen-limited and nitrogen-rich conditions, proteins were extracted, and a comprehensive 

proteomic analysis was used to evaluate gene product expression patterns under conditions of minimal 

versus active lipid synthesis (Chapter 6, submitted for publication). Following this, the concluding 

chapter summarizes the lessons learned from inception and creation of the oleaginous eukaryotic 

platform within our lab, to the final results of yeast bio-oil production (Chapter 7).   
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Chapter 2 

Literature Review 

2.1 Introduction 

Both petroleum and oil-bearing crops are important pools of hydrocarbons and long chain fatty 

acids (FA) for plastics, food manufacturing, cooking, and transportation fuels. These products are vital 

to our way of life, but the current global consumption of these resources is substantial. Single cell oils 

(SCO) are generated from unicellular microbes such as microalgae, bacteria, and yeast, and are used in 

the oleochemical industry as a replacement for petroleum and terrestrial crop oils. Although the price of 

oil is currently low, petroleum costs are expected to increase significantly as the demand for oil 

increases and reserves diminish. In addition, greenhouse gas emissions from combustion of fossil fuels 

continue to contribute to increasing atmospheric carbon dioxide concentrations, which will continue to 

exacerbate climate change and extreme weather events (Connor & Atsumi, 2010; Hill, Nelson et al., 

2006).  

Production of fuels and chemicals from oils derived from oil seed crops creates an ethical 

dilemma similar to the “food versus fuel” debate generated by using grains for fuel ethanol production 

(Azócar et al., 2010 ).  Terrestrial oil-bearing crops, like rapeseed, jatropha, peanut, corn, olive, and 

palm, require arable land that could be used to grow food for the growing global population, which is 

expected to reach 9 billion people by 2050 (Desa, 2009). Finding renewable and environmentally 

compatible long chain FAs is imperative. Microbes can provide an effective solution to this problem in 

multiple aspects from culturing, harvesting, and extraction of FA, to reduced environmental impacts, 

and genetically amenable characteristics that create larger, more defined quantities of the precise FA 

desired for the function they are needed. 

 Several microbes are currently under investigation for their potential to create SCOs. These 

unicellular organisms span multiple forms of life from bacteria, algae, cyanobacteria, and yeast. Each 
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variety has multiple species with several different advantages and disadvantages in their production of 

SCO. Yeasts have a vast potential to produce SCO, but pale in comparison to the current research on 

microalgal oils.   

2.2 Biodiesel 

 Currently, the North American liquid transportation fuel sector uses gasoline, diesel, and 

ethanol in large scale (Connor & Atsumi, 2010).  Renewable biofuels currently under investigation, 

include hydrogen, biogas (methane), ethanol, butanol, and biodiesel (Connor & Atsumi, 2010; 

Demirbas, 2007; Lynd, et al., 1991; Meng et al., 2009; Sheehan et al., 1998). Each of these biofuels has 

advantages and disadvantages. Alternative fuels like hydrogen and biogas are potentially viable as 

‘next generation biofuels’, but the current transportation infrastructure is not ready to distribute them. 

Biodiesel, however, is a well-established transportation fuel. 

Biodiesel is loosely defined as oil from some form of biomass, comprised primarily of 

triacylglycerols (TAGs) and free fatty acids (FFAs) (Sheehan et al., 1998). Current petroleum-derived 

diesel fuel is comprised of chains that are 10-15 carbons long, with branched side-chains providing 

better performance in cold weather (Sitepu et al., 2013). Selecting species that synthesize FAs with a 

distribution of carbon chain lengths that are similar to those of petroleum-derived fuels is an essential 

step in the development of  “drop-in” biofuels - fuels derived from biological sources that have 

chemical properties that are similar or identical to those of petroleum-derived fuels (Durrett et al., 

2008).  

Fatty acids are synthesized by many organisms, such as plants, algae, yeast, or animals, as 

biological energy storage molecules. Several crops, plants, microbes and waste sources can provide 

‘nutrient pools’ for the synthesis of FFAs, therefore making this both a renewable and sustainable 

process for continuous synthesis of fuels (Azócar et al., 2010). Once the TAGs and FFAs are extracted, 

they are refined into alkyl esters by the removal of the glycerol by transesterification - the addition of 
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an alcohol, such as methanol, with an acid or base catalyst releases the glycerol molecule from the 

three fatty acid molecules, thus creating fatty acid methyl esters (FAMEs) (Azócar et al., 2010; 

Sheehan et al., 1998). This refining method and product are similar to conventional petroleum derived 

fuels and manufacturing processes (Azócar et al., 2010; Demirbas, 2007; Li et al., 2008; Sheehan et al., 

1998).  

Biodiesel has the added-value of using current, conventional petroleum refining infrastructure 

to produce alkyl esters (Azócar et al., 2010; Demirbas, 2007; Q. Li et al., 2008; Sheehan et al., 1998). 

Petroleum refineries that are currently operational can be repurposed to refine biologically derived oils. 

This strategy is attainable and more cost effective than recalling and retrofitting all cars currently on the 

road and converting to an alternate fuel source than they were originally designed for. Biodiesel 

provides a near ‘drop-in’ technology that uses the current refineries, pipelines, and gas pumps. 

Additionally, 100% biodiesel can be used with some engine modification, but blends of 20% biodiesel 

and 80% petroleum diesel engines require no modification (Demirbas, 2007). Most unrefined 

biologically derived oils currently are too large, have a lower volatility, lower compression combustion 

points, and are not adapted for cold climates.  

The method of manufacturing biodiesel is relatively simple, and requires lipids (TAGs) that are 

easily harvested in high quantities from a low cost biological source. Li et al., (2007) stated that 

biodiesel’s greatest economic bottleneck comes from the cost of the biomass. Therefore, improvements 

in the physiology and lipid productivity of cells are essential.  Commercial deployment of oil-based 

biofuels faces several technical barriers, as well as ethical issues (Connor & Atsumi, 2010; Hill et al., 

2006). Careful consideration at every level of production must be given, from the individual cell, 

reactor or habitat, the downstream processing and refining of the fuel, the waste products generated by 

the process, and even to the combustion of the fuel.  
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2.3 Sources of Fatty Acid Feedstocks 

 Virtually all organisms, from bacteria to humans, synthesize fatty acids (FAs), which are used 

to assemble membrane components, and provide energy, cell signaling, and/or other functions that 

make life possible. When determining the optimal organism for large-scale fuel production, qualities 

such as total lipid yield, growth rate or doubling time, biomass yield, substrate utilization, and culture 

stability are of great importance. However, these factors must be weighed together when selecting the 

biofuel producer, and decisions should not be made on the basis of any single trait. Table 2.1 lists fatty 

acids commonly used in biodiesel manufacturing. 

Selection of candidate species or strains can be made on the basis of a “top-down” or “bottom-

up”. For example, a hypothetical organism that produces 99% neutral lipid and a total culture time of 

three months may be less cost effective than an organism that produces 40% neutral lipid every two 

days. Simply choosing one aspect at the expense of all other aspects may ignore a more suitable overall 

candidate. Selection can also be viewed as “deselecting” candidates based on the weakness of the 

productivity, product yield, culture versatility or robustness, or external factors which are inhibitory to 

the fuel cost, and finally reevaluating the remaining pool of organisms. The remainder of this review 

will use a combination of the two selection methods for biodiesel production.  
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Table 2.1 Fatty acids commonly used in biodiesel manufacturing.  

Common Name Carbon Number Chemical Name 

Caprylic acid C8:0 Octanoic acid 

Capric acid C10:0 Decanoic acid 

Lauric acid C12:0 Dodecanoic acid 

Myristic acid C14:0 Tetradecanoic acid 

Palmitic acid C16:0 Hexadecanoic acid 

Palmitoleic acid C16:1 9 9-cis-Hexadecenoic acid 

Stearic acid C18:0 Octadecanoic acid 

Oleic acid C18:1 9 Octadecenoic acid 

Linoleic acid C18:2 9,12 Octadecadienoic acid 

Linolenic acid C18:3 9,12,15 Octadecatrienoic acid 

The C# denotes the number of carbons found in the fatty acid chain. The  denotes the carbon position 

where the double bond occurs in the fatty acid, starting at the carboxyl carbon.  
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2.3.1 Non-microbial oils: Oil seed crops   

Oilseed crops have been demonstrated to produce quality FAs that can be converted to FAMEs 

for production of biodiesel. In fact, diesel engines were originally designed for biofuels, not petroleum. 

The first diesel engine, created by Rudolph Diesel in 1895, used peanut oil as the fuel source (Durrett et 

al., 2008; Sheehan et al., 1998). Oilseed biofuel crops come in many varieties such as jatropha, palm, 

cuphea, and soy (Durrett et al., 2008; Sheehan et al., 1998). Soy has been a primary source of biodiesel 

in the US, along with canola (rapeseed) (Hall et al., 2011; Hill et al., 2006).  

Although oilseed crops were primarily the progenitors of diesel fuel, they cannot carry the 

capacity of future fuel requirements at the current consumption rate (Hall et al., 2011; Sheehan et al., 

1998). The land requirements of oilseed crops are substantial and growing conditions can be variable. 

Examining each biofuel candidate must account for growth times, lipid content, and nutrient 

requirements, but additionally, must consider factors that are exclusive to terrestrial crops: arable land, 

insects and pests, climate changes and seasonality, transportation of the feed stock to the refinery, and 

the significant waste accumulation generated by the plant. All of these factors affect the cost of the oil 

not just financially but by the environmental impact.  

While other biofuel competitors may share similar problems, these factors have tremendous 

impact on the economics of the oil. Some terrestrial crops have excessively long growth times in a 

biofuel context. For example, Jatropha curcas produces 40% neutral lipid (with variation by strain, 

maturation, and growth conditions), but requires approximately seven months maturation, allowing for 

only two harvests per year (Achten, 2007; Maes et al., 2009). Cuphea is a high oil-bearing genus of 

annual plants that is of great biofuel consideration. The oils produced from Cuphea are medium-chain 

length FAs consisting of 8 to 18 carbons, with most chains containing 10 carbons (Durrett et al., 2008; 

Knothe et al., 2009).  
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2.3.2 Non-microbial oils: Grease and used fryer oils  

Grease and fryer oil (mostly vegetable and canola oils) from restaurants, as well as soap stock 

could be refined into transportation fuels rather than being discarded in landfills or fed to animals 

(Azócar et al., 2010). Although uncommon, waste oil from food preparation has been demonstrated in 

transportation fuels. Vegetable oils from fryers are combustible in modified diesel engines. In 2008, the 

US, Europe, and parts of Asia produced 16.6 million tons of waste oil (Azócar et al., 2010). Filtration 

of food particulate and refining of these wastes could help offset the burden of the petroleum 

transportation fuel market. This oil, which otherwise is disposed of in municipal landfills, can 

potentially supplement microbes as well. Yeast cultures, like Yarrowia lipolytica, which have been 

supplemented with waste oil, produce more cell mass and FAs in hydrophobic environments 

(Papanikolaou et al., 2003). Although waste oils have been used as a sole carbon source, using oil as a 

feedstock to produce intracellular oils is an unfavorable option. Growing yeasts that synthesize 

intracellular FAs cultured on used fryer oil will ultimately lead to reduced quantities of oils, as carbon 

is lost to produce the biomass. 

 While the use of FAs from oil seed crops or used fryer oils to produce fuels has merit, neither 

approach is sustainable for the future. Increasing the amount of terrestrial cropland devoted to 

oleaginous crops limits production of other types of food crops, and growing crops for fuel will 

ultimately increase the price of food. Increasing the amount of fryer oil adds the same burden on 

farmers to devote more land to make oilseed crops. Moreover, these quantities of FAs required to 

replace petroleum-derived fuels from either oilseed crops or used fryer oil are insufficient.  

The United States alone uses approximately 19 million barrels of oil and fuel per day (Brown & 

Huntington, 2013). These quantities are so substantial that alternatives must eventually be developed, 

especially because the cost of petroleum-derived fuels will only increase as low cost, high quality 

petroleum reserves are depleted. Oilseed crops require substantial arable land and water (Sheehan et al., 
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1998), while both oilseed crops and waste fryer oil are excellent sources of FAs, and should not be 

discarded, alternative sources of low cost FAs must be developed to add to the pool of biologically 

derived FAs for biodiesel production. 

2.4 Microbial Oils  

2.4.1 Microbial oils as stored energy 

 Two major sources of FA chains are phospholipids and neutral lipids (Jacob, 1992). 

Phospholipids comprise the cell membranes and encapsulate organelles of eukaryotic organisms by 

acting as a hydrophobic barrier. While these membranes have hydrocarbon structures as well, and 

could potentially be refined into biodiesel, the focus of this review is the neutral lipid storage 

molecules. Neutral storage molecules and FFAs, generally, are small intracellular pools of energy used 

in cellular metabolism. The FA chains are built by the lipid biosynthesis pathways, and in many cases 

are stored in lipid bodies.  

 Microbial SCO production for biodiesel is a realistic method to produce the next generation of 

transportation fuels. This is achieved by cultivating oil-producing microbes from the least amount of 

nutrients, while producing high quantities of oil. This work can be done by oleaginous strains. 

Microbes are considered oleaginous if they store more than 20% of their weight as neutral lipids 

(Papanikolaou & Aggelis, 2009). Natural strains of oleaginous microorganisms could potentially 

produce the large quantities of lipid needed to drive lipid-based biofuels. However, production of oils 

by these oleaginous strains exceeding basal levels may require manipulation of the bioprocess 

conditions (for example, metabolic conditioning by nutrient limitation), or genetic modification to 

enhance neutral lipid synthesis.  

 When compared to terrestrial oilseed crops, SCOs have fewer complications. Microbes are 

cultivated in vitro in reactors, and are not exposed to the environment. Most cultivation is done in 

closed systems preventing water loss, and contamination, which increase process controls. 
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Temperature, pH, gas flow, and real-time monitoring of conditions can be adjusted to optimize 

production. Reactors can be maintained virtually anywhere regardless of the quality of the soil, thus 

ignoring the ‘food vs. fuel’ debate. Environmental concerns, such as weather fluctuations, do not affect 

the bio-oil production, as is seen with terrestrial plants. Additionally, reactors can maximize space that 

crops cannot. Reactors can be constructed horizontally, as seen with many algal raceway ponds, or 

vertically in a variety of tube photobioreactors and fermenters. This requires less land and more 

biomass can be cultivated in a smaller area (Sheehan et al., 1998). 

2.4.2 Microbial synthesis of fatty acids  

 In terms of metabolic pathways, four general areas of metabolism are important for lipid 

production: substrate acquisition, tricarboxylic cycle (TCA), lipid biosynthesis, and lipid degradation 

(or -oxidation) pathways. Other pathways are of vital importance for robust microbial cultures, but 

these four areas play key roles in large-scale FA production. Substrate acquisition involves the types of 

carbon that the organism can metabolize. Selection of the substrate should include the cheapest carbon 

source to produce robust growth and provide enough carbon to the organism so that excess can be 

stored as the FA as a high-density energy reserve. The TCA cycle is important being the core of central 

metabolism, as energy is derived and excess acyl units can be directed to lipid biosynthesis. Of the 

multiple ways cells can produce FA, acyl units (two carbon molecules) can be produced by the 

cleavage of citrate into oxaloacetate and acyl molecules, which provide the carbon used in FA. This 

process is carried out in the TCA cycle by the ATP:citrate lyase enzyme found in some oleaginous 

species. The lipid biosynthesis and β-oxidation pathways are where FA are created and used. 

Understanding the function of each area is under investigation in SCO research, by evaluating the 

enzymatic ‘machinery’ and potential bottlenecks of carbon flow in and out of the organism.  

 The ratio of carbon to nitrogen (C/N) has a demonstrated effect on lipid storage (Athanasios et 

al., 2009; Papanikolaou et al., 2007; Papanikolaou & Aggelis, 2009; Sitepu et al., 2013). Several 
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oleaginous species will produce lipid regardless of the amount of nitrogen, but what best triggers lipid 

synthesis is still debated. Several other factors have been postulated to initiate this, such as pH, 

phosphorus and silica deprivation, which tend to be more strain specific. As it appears, several 

microbes can be coaxed into lipid storage by many methods where cellular replication is halted. One of 

the most common methods is nitrogen starvation. In a high C/N condition, several microalgae and yeast 

will store lipid, as limited nitrogen inhibits replication. Individual cells are still alive and metabolizing 

carbon, but begin storing lipid or starch, depending on the species. This refocusing of metabolism is 

very important in SCO production, and is currently the leading way to produce high quantities of FA.   

2.5 The Algal Paradigm  

2.5.1 SCOs from microalgae  

The oligotrophic nature of algae, coupled with culture media lacking costly nutrient additions, 

like sugars, make microalgae quite enticing for an industrial source of FA production. Algae, generally 

speaking, comprise a highly diverse group of photosynthetic organisms, and can be prokaryotic 

(cyanobacteria) and eukaryotic, unicellular or multicellular, and grow photoautrophically, 

chemoheterotrohpically, and mixotrophically (utilizing both photosynthesis and exogenous carbon 

sources). Algae are of utmost importance to the environment as primary producers of energy, 

sequestration of CO2, and production of atmospheric oxygen (Chen, 1996). Algal cultures have the 

ability to grow from only sunlight, CO2, water, salts, and trace metals. This minimalist approach of 

culturing allows for low cost production of oleaginous algae. Fewer medium requirements reduce the 

overall cost of the SCO, which is crucial when producing a high volume, low cost commodity like 

transportation fuel.  

 Algae have the ability to take inorganic carbon dioxide, and with the aid of sunlight, generate 

various forms of stored energy such as starches, lipids, and proteins (Sheehan et al., 1998). Each of the 

components has substantial value to the biotech industry.  Culturing of microalgae and cyanobacteria 
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for high value products has occurred since the 1940s (Chen, 1996). Antibiotics, pharmaceuticals, and 

nutraceuticals, as well as oils are forms of high-value products that can be obtained from algae (Apt & 

Behrens, 1999; Chen, 1996; Chen & Chen, 2006; Han et al., 2005). Particular cultivars of algae, such 

as Spirulina, Chlorella, Crypthecodinium, and Dunaliella are even nutritional additions to foods and 

beverages (Apt & Behrens, 1999).  

2.5.2 Advantages of SCOs from microalgae  

Environmentally, algae are rather attractive biofuel candidates because of their ability to capture 

carbon dioxide (CO2) and sequester this greenhouse gas (Ragauskas, 2006). The use of algal biofuels 

appeals greatly to renewable fuel industry, and has been demonstrated many times. In 2006, 

Continental Airlines flew a Boeing 737 for 90 minutes on a biofuel blend of algal and jatropha oil 

(Grant, 2009). In 2008, the company Solazyme used its version of algal biodiesel to power a Mercedes 

Benz automobile around the Sundance Film Festival (Squatriglia, 2008). The ability to grow algae from 

a ‘free’ carbon source drives microalgal biofuels because, as stated before, fewer culture medium 

inputs reduces the cost of the product. While biodiesel does ultimately release the carbon into the 

atmosphere like other liquid fuels, the release is considered ‘carbon neutral’ as it originally captured 

CO2, incorporated it as lipid and other cellular components, and later combusted it and released it into 

the atmosphere. It is of note that CO2, some carbon monoxide (CO), and water are normal combustion 

products. Industrial companies that produce CO2 as a byproduct could potentially filter their gaseous 

waste into bioreactors to feed algae. This also makes the industrial process more environmentally 

friendly, and provide additional use of inorganic carbon to algal cultures (Sheehan et al., 1998). 

 Factors other than CO2 have made algal biofuels appealing. Saline and brackish waters, which 

are useless to terrestrial crops due their high salt content, provide required salts used in some algal 

growth medium. Along with other microbes, algae use non-arable land for bioreactors. Unlike 

terrestrial oilseed crops, the quality of land does not matter for microbial cultivation of oils. Algae are 
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capable of growing in certain pretreated wastewaters, exploiting the various organic components left in 

the water to supplement its growth. This too allows for utilization of water that is otherwise not yet 

suitable for human consumption. This water, which is the largest component of microalgal cultures, 

provides key medium components, nutrient recycling, as well as some bioremediation (Chen, 1996; 

Sheehan et al., 1998). 

2.5.3 Optimization of microalgal SCO production 

Medium optimization is one of the foremost ways to improve the efficiency of end-product 

synthesis profile of a culture. Simply modifying the medium composition can also vastly change the 

morphology of the strain (Miao & Wu, 2004). Heterotrophic algae have been grown with of a variety 

of sugars such as lactose, galactose, sucrose, fructose, mannose and glucose, or even organic acids, 

such as acetate (Chen & Chen, 2006; Sun et al., 2008). Supplementing the growth medium can enhance 

the growth of the strain, but it is also possible that under stressed conditions algae might produce lipids 

more readily. Interestingly, heterotrophic cultured cells exhibit a loss of chloroplasts, which might be a 

way to save valuable energy for unused pigments. Additionally, the accumulation of lipids and loss of 

chloroplasts is accompanied by an increase in carotenoid synthesis (Casadevall et al., 1985; Miao & 

Wu, 2004). Under heterotrophic growth, it was also observed that Chlorella protothecoides exhibited a 

metabolic switch resulting in reduced total protein content in the cell and increased synthesis of lipid 

storage products (Miao & Wu, 2004). 

One possibility to initiate lipid production in algae is the absence of, or reduction in, nitrogen 

available in the culture medium (Chen, 1996; Miao & Wu, 2004; Sheehan et al., 1998). As stated 

earlier, the carbon to nitrogen ratio is important for lipid synthesis, and there are two strategies to 

achieve this in culture. Nitrogen is required for producing biomass, and initial quantity is important. An 

in situ approach would be to culture the algal from the smallest amount required to achieve the 

maximum cell density, then the culture grows but becomes nitrogen starved towards the end of its life 
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cycle. This stressor induces lipid production in stationary phase when lipids are typically made. 

Another way this is achieved would be to grow the culture in a nitrogen rich environment, but once the 

maximum cell density is attained, the nitrogen containing medium is replaced with nitrogen-free 

medium, allowing for lipid synthesis to occur (Sheehan et al., 1998).  

Other nutrients have been tested for induction of lipid synthesis, such as phosphorus depletion 

as seen in Botryococcus bruanii culturing (Casadevall et al., 1985). Diatoms, which are eukaryotic 

algae with silica frustules, have been demonstrated to generate more neutral lipids and fatty acids when 

subjected to silicon deplete conditions (Hu et al., 2008). It appears that, generally speaking, cells create 

additional lipid storage molecules when the cell cannot replicate, but is still metabolically active as 

seen in nutrient limitation and stationary phase lipid production. However, cyanobacteria produce 

fewer fatty acids when subjected to nitrogen-depleted conditions (Saha et al., 2003). 

2.5.4 Variation in fatty acid composition in microalgae 

Like several other biofuel candidates, several eukaryotic microalgae have FA compositions 

similar to canola oil, which makes them good producers of biodiesel. The typical FAs observed are: 

palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid (Ball et al., 1991; Hoober, 1989; 

Sheehan et al., 1998). As with all other microbes, this is strain and growth condition specific. Many 

algae store FAs as TAGs intracellularly in the cytoplasm, and the diesel produced from these TAGs has 

chemical and combustion properties that are similar to conventional biodiesel.  

A better understanding of the physiology of microalgal storage products was achieved by 

significant contributions from Ball et al. with Chlamydomonas reinhardtii (Ball et al., 1991; Ball et al., 

1990). With three strains of C. reinhardtii, it was noted that cells were accumulating starch under 

nutrient deprivation in all growth styles (Ball et al., 1990). Later, Ball et al., (1991) along with others 

generated a ‘starch-less’ clone via X-ray mutagenesis, with altered ADP-glucose pyrophosphorylase 
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activity. The mutant strain of C. reinhardtii produced less starch under stressed conditions, and lipid 

droplets were observed microscopically.  

2.5.6 Synthesis of very long fatty acids in Botryococcus braunii 

 Botryococcus braunii, another species of green algae, produces a radically different lipid 

profile. B. braunii is a colony forming species that naturally produces long chain hydrocarbons, ranging 

from 25 to 78 carbons, stored in the outer cell wall (Banerjee et al., 2002; Casadevall et al., 1985). With 

some cultures, approximately 3% of the hydrocarbons were excreted (Casadevall et al., 1985). Unlike 

other forms of algal lipids, these molecules are not bound to glycerol. B. braunii has been characterized 

as three distinct races: A, B, and L. Each race is differentiated by the morphology and hydrocarbons 

produced from one another. Banerjee et al. extensively examined each race and found that: Race-A 

produces chains with 25-31 carbons in either an alkadiene or triene configuration; Race-B synthesizes 

Botryococcenes (30-37 carbons long); and Race-L creates Lycopadienes (40 carbons long). Each race 

of B. braunii synthesizes hydrocarbons with chemistries that are unique to that race (Banerjee et al., 

2002). Additionally, the Race-A strain will produce a yellow or green culture in the stationary phase, 

unlike other races, which are orange.  

 Mean doubling-time for B. braunii is approximately one week when grow photoautotrophically 

and mixotrophically. When supplemented by sugars such as fructose, glucose, or galactose the 

doubling-time is reduced to approximately five days, but cultures containing mannose doubled about 

every 48 hours (Weetall, 1985). The bulk of the hydrocarbons are produced during the lag and early log 

phase of the first weeks of culturing. This differs from other algae that produce lipids in late-log or 

stationary phase. Additionally, B. braunii creates an extracellular polysaccharide that is expelled into 

the medium as the culture ages. During late log-phase, cultures also accumulate large amounts of starch 

(Casadevall et al., 1985). Hydrocarbon production continues, but a metabolic shift to starch production 

occurs.  



 

 

18 

The slow doubling-time and hydrocarbon composition may make of B. braunii a less attractive 

candidate for biodiesel production, as several other microbes grow faster and produce more ‘diesel-

like’ hydrocarbons. The unique composition of hydrocarbons, genetics, and metabolism of this microbe 

should be considered in future biofuel research. As biodiesel aims to make alkyls 10-15 carbons long, 

the enzymes, which generate branched chains and double bonds created by B. braunii could be 

introduced into future organisms to make biodiesel more robust and cold tolerant.  

2.6 Problems with Algae 

2.6.1 Light shading in photoautotrophic cultures  

While there are several advantages of growing microalgae for SCO, there is a substantial 

disadvantage of culturing algae photoautotrophically in that as the cell density increases, the culture 

loses access to light. Algal cells can be either motile or non-motile, but regardless of movement 

capabilities, cells shade each other from light. Self-shading of cells limits access to light, which inhibits 

growth, as cells require photons to photosynthesize. This may contribute to lower biomass 

accumulation seen in most photoautotrophic cultures over heterotrophically grown cells (Chen, 1996). 

Strict photoautotrophic cultures are slow growing compared to other microbial growth. This was seen 

with photoautotrophic and heterotrophic culturing of Chlorella vulgaris, where biomass from 

autotrophic growth was approximately 20% of cultures grown heterotrophically using acetate or 

glucose as the carbon source (Liang et al., 2009). While the carbon substrate, CO2, is ‘free’ coming 

from the atmosphere or supplement gas, the limitation is slow growing cultures. Additionally, 

providing a carbon excess environment for lipid storage requires time for the culture to grow and then 

produce FA.    

2.6.2 Bioreactor configuration  

 The style of bioreactor will further determine the biomass qualities and supplemental culture 

requirements. It is possible that the style of bioreactor causes unfavorable growth conditions for the 
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organism (Li et al., 2007). Two basic styles of bioreactors are be utilized in microalgal growth, open 

system and closed system, with several styles of each. The most economical and widely used type of 

reactor for large-scale growth of algae is an open system reactor (Zaslavskaia, 2001). These reactors 

are subject to environmental conditions and utilize the air, light, heat, and rainfall (Chen, 1996). These 

can range from sewage ponds to open raceways. One variant, the raceway pond, is an open circular 

reservoir that continually moves the medium and algae. This allows for shading of the cells to be 

minimized, more access to nutrients, and improved gas flow (Sheehan et al., 1998). It is possible to use 

carbon dioxide from industrial processes to feed these algae, providing a supplemental inorganic 

carbon source (Douskova et al., 2009).  

 There are some drawbacks to open system cultivation. Evaporation occurs which saturate the 

culture medium, potentially making the environment too saline for some algae. Adding additional 

water prevents hyper saline conditions, but increases the cost for the process. Some species do handle 

increased salt concentrations better than others, such as Dunellella salina, but operating outdoor saline 

aquacultures will result in concerns with evaporation. Non-algal contaminants, such as bacteria, fungi, 

as well as endemic algae, may invade the pond and use nutrients and potentially out-compete the 

desired algae (Chen, 1996). Environmental factors, such as weather, wind, and seasonal changes pose 

difficult problems that may affect the biomass and lipid yields, and potentially create an unreliable 

process (Apt & Behrens, 1999).  

 Several factors hamper open reactor cultivation of microbes. Closed system reactors prevent 

some of these issues. More controls over the culture’s environment can occur, which gives larger 

quantities of biomass. Closed reactors can be for photoautotrophic, heterotrophic, or mixotrophic 

cultured algae, and vary in size, shape, and configuration. While evaporation, contamination, and the 

inability to control the culture environment are prevented in closed reactors, the cost of the reactor 
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increases as well (Sheehan et al., 1998). Although the productivity of the reactor is increased, this may 

be cost inhibitory for the overall cost and maintenance of the reactor. 

2.6.3 Heterotrophic versus mixotrophic growth 

Heterotrophic growth of algae has advantages over obligate photoautotrophic growth, both in 

increased biomass and overall lipid content (Chen, 1996; Miao & Wu, 2004). Mixotrophic growth, on-

the-other-hand, combines both aspects of photoautotrophic and heterotrophic growth (Garcıa et al., 

2005). During the day, the algae will photosynthesize, as well as catabolize sugars or organic acids 

(Lee et al., 1996). During times of low light, the culture continues to consume organic carbon, which 

allows for more energy capture than a strict photoautotrophic growth. 

 While photoautotrophic culturing algae from ‘free’ CO2 can be inexpensive, in terms of fewer 

medium requirements, longer culturing time and reduced yields are typically seen. While mixotrophic 

and heterotrophic cultures can gain more industrially relevant quantities of biomass and lipid relatively 

fast, the two concepts should not be thought of as the same method. Industrial-scale culturing of algae 

must choose whether to be frugal in its medium or accept less product. Currently, algal based biofuels 

cannot compete economically with petroleum derived fuels (Hu et al., 2008).  

2.7 SCO Production by yeast  

2.7.1 Biodiesel production 

 There are several advantages of culturing yeast for biodiesel production, including the 

quantities and types of lipids produced, fast growing times, and the range of substrates they use. Lipid 

synthesized by oleaginous yeasts are generally stored as TAGs and FFAs, and as much as 80-90% of 

the neutral lipids are comprised of TAGs (Connor & Atsumi, 2010; Liu et al., 2009; Meesters & 

Eggink, 1996). Each FA chain is predominantly comprised of 14-20 carbons in length, bound by a 

glycerol backbone (Zhao et al., 2011). The most common yeast strains produce C16 and C18 chains 

(16 or 18 carbons in length, respectively), with mostly unsaturated lipids, and some saturated lipids. 
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The individual FA chains of most yeast are similar in composition to palm oil and cacao oil, which are 

optimal for biodiesel. Yeast cultures are fast growing, with cell densities reaching significantly higher 

values than microalgae in much shorter time periods (maximal biomass density in approximately one to 

five days) (Boulton & Ratledge, 1984; Dai et al., 2007; Li et al., 2008; Meesters et al., 1996). While 

yeasts cannot photosynthesize or sequester CO2 as their algal counterparts, they do have the ability to 

utilize a wide variety of carbon substrates for growth. Culturing a fuel source using waste streams, 

rather than high-value sugars, reduces the fuel cost and limits the amount of waste headed for disposal 

or treatment (Zhao et al., 2011). Research advances made at the molecular, cellular, mass cultivation, 

and refining levels show the economic and biological plausibility of yeast biodiesel. 

2.7.2 TAG synthesis pathways 

 Most yeast metabolic and genetic modeling is based on Saccharomyces cerevisiae. Under 

normal conditions S. cerevisiae does not make large quantities of lipid, and is not classified as an 

oleaginous species. While the total FA and TAG production is low in S. cerevisiae, it remains the 

model organism for Ascomycetes. Understanding the relationship of lipid production and carbon 

accumulation is of great importance (Ratledge, 1988; Ratledge & Wynn, 2002; Sandager et al., 2002), 

and understanding the differences between oleaginous and non-oleaginous species may elucidate key 

enzymes and bottlenecks in carbon flow of FA synthesis.  

A study by Sandager et al. demonstrated that mutants of S. cerevisiae contain deletions in the 

ARE1, ARE2, LRO1, and DGA1 genes, produced lipid bodies (Sandager et al., 2002). The ARE1 and 

ARE2 are similar genes both encoding for a Acyl-CoA:sterol acyltransferace (ASAT), while the LRO1 

encodes for a Phospholipid:diacylglycerol acyl-transferase (PDAT). PDAT generates TAGs without 

the use of acyl-CoA. Phospholipids and diacylglycerols can also be redistributed to TAG production 

with PDAT (Sandager et al., 2002). While each of these enzymes had an effect on TAG production, 

DGA1 was deemed most important in S. cerevisiae. The DGA1 gene, an Acyl-CoA:diacylglycerol 
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acyltransferase (specifically a DGAT2), is responsible for making a TAG from a diacylglycerol 

(DAG). Using acyl-CoA, one fatty acid chain is bound to the DAG backbone forming a TAG via the 

DGAT enzyme (Weiss et al., 1960). The glycerolipid metabolism of DGAT is homologous to the 

DGAT enzyme in humans and rats (Cases et al., 1998; Sandager et al., 2002). While not fatal, 

disruption of this gene leads to a lipid-free phenotype. It is noted that this enzyme is not responsible for 

creating FA, but merely linking the chain to the DAG molecule. The cell still has the enzymes to make 

FA for phospholipids, but cannot store TAG. 

 Several enzymes have been linked to the accumulation of neutral lipids in yeast. In several 

oleaginous yeast, the ATP:citrate lyase (ACL) has been hypothesized as the key enzyme to confer the 

oleaginous phenotype. S. cerevisiae does not have the gene encoding for the ACL, but does produce a 

citrate synthase. The synthase enzyme produces a citrate molecule from an acyl unit and an 

oxaloacetate, while the lyase enzyme reverses the reaction. While nitrogen limitation occurs, cells stop 

generating ATP since growth will not occur without nitrogen. A build up of isocitrate and citrate 

occurs, and is exported from the mitochondria to the cytoplasm where it is cleaved creating an acetyl-

CoA and an oxaloacetate. This acetyl-CoA creates the carbon chain for the FA two subunits at a time. 

The oxaloacetate is converted to malate with the addition of hydrogen, and breaking one of the double 

bonded oxygen and hydroxyl group. Malate then is a source of NADPH for the cell  (Connor & 

Atsumi, 2010; Evans et al. 1983; Ratledge & Wynn, 2002; Wynn & Ratledge, 2005). In several 

oleaginous yeast, lipid accumulation occurs after the logarithmic growth stage, which is of interest for 

biodiesel production. During exponential growth phase, the C18:2 FA occurs in higher quantities, but 

decreases by stationary phase. The C18:0 and C18:1 FA become more prominent in stationary phase, 

and the addition of the double-bond in from C18:0 transitioning to the C18:1 occurs by the delta nine 

(∆ 9) desaturase (Hassan et al., 1993; Meesters & Eggink, 1996; Ykema et al., 1988).  
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 Proteomic analysis has aided SCO research as well. Protein extracted from log and stationary 

growth phase of the oleaginous yeast, Rhodosporidium toruloides, showed metabolic shifts. Using S. 

cerevisiae as a reference, it was observed that the TCA cycle genes of R. toruloides were down 

regulated as the TAG synthesis genes were up regulated, compared to genes in S. cerevisiae. 

Additionally pathways that regulated the carbohydrate and protein production enzymes were down 

regulated when cells were in a reduced concentration of nitrogen (Liu et al., 2009). R. toruloides cells 

also began creating internal nitrogen sources by the catabolism of adenosine monophosphate (AMP) to 

make ammonium, and amino acid metabolism occurred (Liu et al., 2009; Ratledge, 1988). Continued 

understanding of the lipid biosynthesis pathways, regulatory mechanisms, and relationships of carbon 

and nitrogen flux can potentially yield higher quantities of biomass and lipid, and make biodiesel more 

economical. 

2.8.3 Species/strain selection 

 Several oleaginous yeasts have been proposed for biofuel production for a variety of reasons, 

and that variability demonstrates the plausibility of yeast biodiesel. Strains have chosen based on 

several factors such as high FA content, fast biomass production, carbon source capabilities, or known 

metabolic tools. Some individual isolates used in research were obtained from culture collections, 

while others were isolated from the environment through bioprospecting. Although one strain may 

produce more SCO, one may use more substrates, or produces higher value FA, the options available 

for yeast biodiesel production are so vast that several candidates are of note. The following species are 

only highlights representing different aspects of yeast biofuel production, and do not constitute an 

inclusive list of all the known oil producers. 

 Cryptococcus curvatus, Apiotrichum curvatum, and Candida curvata, which are now 

considered different strains of the same species, were reported to make 60% lipid (Meesters & Eggink, 

1996; Ratledge, 1988; Ratledge, 1993). Each strain makes a slightly different lipid profile, with 



 

 

24 

variations of FAs produced, and therefore can be used to tailor make biofuels that contain the highest 

energy density and most refinable FA by end-product selection (El Menyawi et al., 2000; Ratledge & 

Wynn, 2002). The strain variations seen in the oil composition allows for opportunities to optimize 

lipid production by examining the enzymes that produces certain FA chains, and selecting better 

genetic motifs that yield higher value FA based on strain variations.  

 Several types of carbon sources have been investigated for microbial growth, and the limitless 

combinations of substrates and the quantity of cell mass generated are two of the areas where yeast 

SCOs can out compete other platforms. Since the effects of different substrates on FA production and 

composition are organism specific, several substrates such as glucose, xylose, lactose, sucrose, and 

glycerol have been tested on yeast for their influence on yeast metabolism (Dai et al., 2007; Hassan et 

al., 1993; Meesters et al., 1996; Papanikolaou & Aggelis, 2002; Ykema et al., 1988). C. curvatus 

growth and lipid synthesis has been studied on many substrates, from simple two carbon alcohols, like 

ethanol, to complex mixtures such as whey permeate (Meesters et al., 1996; Ykema et al., 1988; Zhao 

et al., 2011). Being a true oleaginous yeast, C. curvatus achieved 118 g L-1 of biomass, even when 

cultured on nitrogen sufficient medium with glycerol as a carbon source, of which 25% was lipid 

(Meesters et al., 1996). Similar biomass productivity was seen in Rhodosporidium toruloides as culture 

density reached 100 g L-1, but with 75% of the cell weight being lipid under stressed conditions (Liu et 

al., 2009).  

 Pentose sugar utilization is quite important, as C5 sugars are found in cellulose materials. More 

specifically, lignocellulosic capabilities of oleaginous yeast are of great importance for biofuels, as 

cellulose is the most abundant polymer in the world. Rhodotorula glutinis was able to utilize xylose as 

its primary carbon source, and additionally were cultured with hydrolysate from various biological 

sources as the organic carbon source. Not only did the yeast grow, but produced 5-28% total neutral 

lipids (Dai et al. 2007). R. glutinis was cultured from grape, beet, soy, and molasses waste for 
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carotenoid production (Buzzini & Martini, 2000). While not used for SCO production, it demonstrated 

the substrate potential of certain treated agricultural waste streams for yeast growth.  

In a different, but related aspect, Trichosporon dermatis was able to achieve 9.8 g L-1 lipid from 

pretreated corncobs. Solvents pretreated the original feedstock, then secondary enzymatic treatment 

from enzymes produced by the fungus Trichoderma reesei were used to break down the cellulose. The 

resulting digestion was used for a substrate for T. dermatis and 24.4 g L-1 of biomass was produced 

from that, of which, 40% was lipid (Huang et al. 2012). This is not a true cellulose degrading yeast that 

produces FA or a true co-culture; it is however, a step towards lignocellulosic biodiesel production. 

Coupling two organisms together to aid one another in growing from alternative feedstocks and making 

high value chemicals could be another interesting research area. Organisms with a small range of 

substrates become limited to regions were the feedstock is accumulated. With the ability to utilize 

broader ranges of substrates, yeast biodiesel can be grown and refined virtually anywhere. 

2.8.4 Mass culturing yeast 

 Several preliminary studies of yeast begin in flask-scale experiments. While these data have 

significance to the field of biofuels and provides feasibility or practicality for larger experiments, the 

scale is not indicative of commercial success. Also several factors are not always controlled like 

aeration, feeding strategies, and pH in flask experiments, but are in larger, bioreactor culturing. 

Therefore, as experiments are scaled up in size, results may vary. Occasionally, productivity is 

increased as more control over the cultures environment produce better conditions. 

 Simple changes to oxygen content, pH, and temperature can be beneficial or detrimental to 

oleaginous yeast (Amaretti et al., 2010; Azócar et al., 2010; Johnson et al., 1992). A study by Pan et al. 

stated that lipid content was reduced in batch culturing of R. glutinis, when cultures were supplemented 

with pure oxygen versus air. Although lipid content was reduced by pure oxygen, for reasons unstated, 

biomass nearly doubled (Pan et al., 1986; Ykema et al., 1988). Like nitrogen deprivation, oxygen 
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starvation could potentially be the ‘stressor’ for lipid production. R. glutinis was projected to make 50-

74% neutral lipids by DCW, and additionally, was found to grow in a range of pH conditions from 2.7 

to 6.0 with the optimal culture pH being 4.0. The ability to grow in a greater pH range allows for more 

versatility of culturing in industrial processes (Johnson et al., 1992). Rhodotorula glacialis altered 

production of saturated FA in response to temperature. Linolenic acid was produced at the highest 

concentrations at the lowest temperatures, while palmitic acid was lowered (Amaretti et al., 2010). 

 Cultivation methods (batch, fed-batch, continuous, etc.) affect the quantities of lipids (Hassan et 

al., 1993; Ykema et al., 1988). Understanding the carbon concentration and the effect on lipid 

production is important, as stated earlier with respect to the carbon to nitrogen ratio. Research showed 

that high starting concentrations of glycerol (120 g L-1) did not negatively impact Y. lipolytica culture 

growth, but C. curvatus was inhibited at substrate concentrations greater than 64 g L-1 (Papanikolaou & 

Aggelis, 2002). Optimal glycerol concentrations for C. curvatus were found to be approximately 16 g 

L-1 (Meesters et al., 1996). The concentration of the substrate additionally affected the lipid 

composition, as R. glacialis produced more oleic acid than linolenic acid with increased glucose 

concentrations (Amaretti et al., 2010). Just as medium components affect lipid productivity, factors like 

carbon substrate addition during logarithmic phase, pH, and temperature could additionally be used to 

select for more specific and desirable FAs.  

2.8.5 Recycling and non-fuel related products 

 Glycerol is a byproduct of several industrial processes, especially biodiesel production. When 

rapeseed oil, for example, is refined into diesel fuel there is a 10:1 (w/w) product to waste glycerol 

ratio. This glycerol waste product is generated from the trans-esterification of TAGs into free fatty 

acids (Meesters et al., 1996; Papanikolaou & Aggelis, 2002; Rywinska et al., 2009). As stated before, 

several yeast species have the ability to utilize glycerol as a feedstock, and provide a unique 

opportunity to recycle part of the waste it that is generated in biodiesel production. Once the culture is 
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harvested and dewatered, and an extraction removes the neutral lipids from the cell, the glycerol is 

removed from the TAG, separated from the FA, and cleaned of other medium components. This ‘dirty’ 

glycerol can then be recycled into the culture medium allowing for reduced loss of carbon.  

Biodiesel waste glycerol was examined for toxic effects on continuous culturing of Y. lipolytica. 

It was shown that cultures not only grew but produced FA from waste glycerol (Papanikolaou & 

Aggelis, 2002). Reutilization of waste products, like glycerol, spent medium, and unused methanol 

reduces operating costs, minimizes waste going to landfills, and provides one of the major culture 

components (carbon) yielding a more sustainable process (Ykema et al., 1988). Similarly to 

microalgae, culturing yeast from wastewater has been demonstrated. Secondary and primary 

wastewater appeared sufficient for the large water demand on SCO production (Chi et al., 2011; Hall et 

al., 2011). While the productivity of certain species of yeast may not be optimal and additional carbon 

would likely be required to provide carbon excess conditions, wastewater culturing appears viable. 

Additional continued research in industrially relevant scales should be investigated, as water comprised 

the largest ingredient to culture media.  

 Other ‘very long-chain FAs’ are been examined in oleaginous yeast for purposes other than 

fuel. These FA chains are twenty carbons long or greater, and have value in the pharmaceutical and 

nutraceuticals industries. Two of the most desirable FAs are eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), which are believed to have benefits to neurological function in humans, 

and are under investigation for treatments for depression and cardiovascular disease (Kwak et al., 2012; 

Sublette et al., 2011). Although these are rare or minor species in the lipid composition, they could 

potentially be extracted and sold for human consumption or feed to fish in aquaculture to boost the 

yield. Thinking in terms of biofuels scale, this could be of great interest. Some species only produce 

one or two percent EPA or DHA, and recovering these in the millions of liter scale could support the 

nutraceuticals industry with high-value FA.  
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Figure 2.1  Schematic of glycerol recycling in yeast biodiesel production. 
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Other valuable products are made in yeast that could be extracted and sold to reduce the cost, 

especially carotenoids. These extracted pigments have various functions, such as dye, pharmaceuticals, 

and used in the synthesis of vitamin A (Buzzini et al., 2007; Buzzini & Martini, 2000; Yurkov et al., 

2008). Citric acid can be produced from Y. lipolytica, and is stimulated in nitrogen-limited conditions. 

Although it appears that this may have limited FA production, it still remains as a potential recoverable 

chemical from SCO production (Papanikolaou et al., 2002). Creating citric acid from FAME 

production waste glycerol has been demonstrated as well, and if not used to make biodiesel directly, 

oleaginous yeasts could be used to remediate the waste generated (Rywinska et al., 2009). Additionally, 

the fatty acid methyl esters (FAME) extracted cells could provide a replacement for yeast extract in 

medium or basic nitrogen and vitamin sources, barring the cells were not exposed to organic solvent 

extraction.  

 Having a transportation fuel-scale process that uses wastewater or waste substrates, such as 

whey and glycerol, that produces large quantities of biomass, large quantities of neutral lipid, produces 

several recyclable waste streams and several high-value co-products, and replaces petroleum-bsaed 

fuels is a very ambitious goal. It is also doubtful that the general public is ready to consume EPA, 

DHA, pharmaceuticals, or nutritional supplements produced from wastewater grown microbes. What is 

currently possible is culturing oleaginous yeasts from waste streams to supplement current petroleum 

based diesel use, and reduce the costs by selling certain higher value co-products.  

2.9 Conclusions 

 With petroleum becoming scarcer and the population increasing, new forms of transportation 

fuels need to be researched (Connor & Atsumi, 2010), and several biofuel types are attempting to 

corner the market on next generation transportation fuels. Growing a fuel source and applying it to a 

business timetable can be problematic. Petroleum was created over hundreds of millions of years, and 

therefore expecting an inexpensive replacement that is quickly regenerated should be viewed as a long-
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term goal. Generating new fuel sources has the added benefit of being able to evaluate fuels currently 

on the market and their impact on the environment. Biodiesel is not without its flaws. Carbon emissions 

are still released when combusted, while biodiesel has the ability to reduce certain negative aspects, 

such as nitrogen and sulfur oxides. Nitrous and sulfurous compounds, have been shown as harmful to 

the environment, are eliminated or at the very least, reduced to quantities lower than petroleum. 

Generating biodiesel provides control of the composition of FA, and in fact, has a reduced NOx and 

SOx content than fossil fuels (Azócar et al., 2010; Connor & Atsumi, 2010; Durrett et al., 2008; 

Sheehan et al., 1998).  

 Biodiesel production from microbes, whether from yeast, microalgae, with non-agricultural 

substrates should be advanced. While the current cost estimation for biofuel far exceeds its fossil fuel 

counterpart, research continues to reduce the cost (Connor & Atsumi, 2010; Dai et al., 2007; Jacob, 

1992). Biological improvements and contributions promise to make microbial fuels cost competitive, 

but they are still not ready for such a demanding market like transportation fuel. Over other fuel types, 

diesel has advantages: current automotive infrastructure already supports the fuel, refining procedures 

are similar to current fuel sources, and current pipeline network are compatible with biodiesel. 

 While one biodiesel producing methodology may seem like the best choice, several avenues 

should be explored in parallel. Replacing an entire transportation fuel source by one method puts a 

significant demand on that system to produce the large quantities of fuel needed. Using only flue gas to 

regrow fuel from microalgae would require significant amounts of flue gas to produce the biomass 

needed to replace petroleum. Similarly, using just one type of waste product to grow yeast would 

deplete that carbon source faster than the waste stream could be generated. A diversified system of 

alternative fuel production would bypass these issues. Using waste products specific to a region could 

effectively increase production and reduce the demand for the feedstock. Microalgae could be grown in 

areas of high light and non-arable land that is currently underutilized, such as the southwestern United 
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States, while yeast could be cultured in areas where large quantities of industrial food waste is 

produced (near food production plants), and lignocellulose degrading bacteria can be used to produce 

ethanol from crop waste, like corn stalk waste, in agricultural rich areas. When the substrate is located 

near the site where fuel is produced, less fuel is used to transport it, thus reducing the cost. While many 

groups would like to be the sole provider of fuel in the future, it is important to remember that oil is 

extracted in many places the world. Keeping with this same concept, next generation fuels should be 

created in many places, and by many methods. Transportation fuels are vital to our current way of life, 

and dictate the cost of most things. Having multiple streams of fuel from many sources, reduces the 

cost, reduces the environmental strain of resources, and stimulates competitive research for petroleum 

replacements.  

The following chapters examine a few selected areas of microbial biofuel research. Each 

chapter represents a different aspect of SCO production, whether from strain modification, strain 

selection, substrate evaluation, or intra-cellular monitoring. While several alternate areas could be 

additionally examined, each example provides information on microbial biofuel development that 

could be established anywhere, regardless of climate. Microalgal oils are of particular interest, but are 

not suitable year-round in certain climates; therefore, certain high-oil producing algae strains of 

Chlamydomonas were cultured heterotrophically to produce TAGs. As true heterotrophs, yeast are 

capable of growing in any region, so a comprehensive screen of known and unpublished oleaginous 

yeasts were screened for their biomass and oil production. One known oleaginous yeast, Yarrowia 

lipolytica, is evaluated as a SCO candidate by utilization of pure and waste carbon substrates, the 

response to high and low concentrations of nitrogen, the modification of the growth medium, and the 

accompanying effect to the fatty acids and biomass produced. Finally, the proteome of two cultures are 

examined, one in a growth medium favoring biomass production, while the other favoring lipid 

synthesis. This provides a snapshot of the proteins being expressed in two different situations.  
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Chapter 3 

Lipid production in Chlamydomonas reinhardtii cultured under heterotrophic conditions 

3.1 Introduction 

Microalgae can effectively generate significant amounts of biomass containing neutral lipids or 

starch, when mass cultured under certain conditions, and there has been a global effort to use 

microalgae to produce lipids for production of biodiesel. One advantage of using microalgae is that 

they possess metabolic versatility and can be cultured photoautotrophically, mixotrophically and 

heterotrophically (Sheehan et al., 1998). Under photoautotrophic conditions, microalgae use sunlight as 

an energy source to convert carbon dioxide, CO2, into sugars for growth. Under heterotrophic 

conditions microalgae use sugars and/or organic acids as the primary carbon source and grow 

independently of photosynthesis. Under mixotrophic conditions, microalgae use both photosynthetic 

energy and organic carbon for cellular functions. Heterotrophic and mixotrophic cultures provide the 

highest biomass yields in the shortest time (Chen, 1996; Miao & Wu, 2006; Wen & Chen, 2002), 

whereas photoautotrophic cultures rely upon CO2 as the sole carbon source and grow slower 

(Zaslavskaia, 2001).  

Industrial processes that produce waste streams such as acetate, formate, and lactate from 

cellulose fermentation (Magnusson et al., 2009) or dextrose, maltose, and glycerol from the production 

of bioethanol (Gonzalez et al., 2010) could provide suitable carbon sources for heterotrophic and 

mixotrophic microalgal growth.  Thus the end-products from industrial processes can be used as 

nutrients in algal cultures, minimizing waste. Also flu gases containing CO2 can be bubbled through 

algal cultures to further promote growth (Douskova et al., 2009).  When excess carbon is taken up by 

microalgal cells, it can be converted to starch or lipid storage molecules (Beer et al., 2009).  Studies on 

Chlorella sorokiniana growth showed that a high carbon to nitrogen ratio increased lipid synthesis 

(Chen & Johns, 1991).  
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Chlamydomonas reinhardtii is the model organism for green algae.  The C. reinhardtii genome 

is fully sequenced and a comprehensive molecular toolkit for genetic engineering has been developed 

(Harris, 2001).  While many species of Chlamydomonas do not utilize exogenous carbon sources other 

than CO2, C. reinhardtii catabolizes acetate (Hoober, 1989).  Additional acetate could increase the 

carbon to nitrogen ratio, favoring lipid production.  Cells of C. reinhardtii grown under nitrogen 

starvation in an acetate-containing medium have been shown to degrade chlorophyll for reuse (Ball et 

al., 1991). 

Recently, there have been several studies examining the effects of carbon storage in ‘starch-

less’ mutants of C. reinhardtii under mixotrophic conditions.  One mutant strain of C. reinhardtii, 

BAFJ5, is blocked for starch synthesis as a result of an insertion mutation in the gene encoding for 

ADP-glucose pyrophosphorylase (Zabawinski et al., 2001), a pivotal gene in starch synthesis.  With the 

starch granule pathway blocked, excess carbon is directed to lipid synthesis under mixotrophic 

conditions, and lipid bodies increase substantially when the culture is depleted of nitrogen (Wang et al., 

2011).  

Li et. al. (2010) demonstrated that mixotrophically grown C. reinhardtii could be utilized for 

lipid production. It was concluded that lipid synthesis was dependent upon photosynthesis and that C. 

reinhardtii could not accumulate lipid storage molecules under heterotrophic conditions where CO2 

was used as the sole carbon source.  The goal of this study was to investigate the production of lipids in 

C. reinhardtii under heterotrophic conditions using acetate as a carbon source, evaluating growth and 

lipid production. 

3.2  Materials and Methods 

3.2.1  Strains and culturing conditions 

 C. reinhardtii strain cc-124 that carries the mutations nit1, nit2, agg1, was obtained from 

Elizabeth Harris at the Chlamydomonas Center’s culture collection (http://www.chlamy.org/) for use as 

http://www.chlamy.org/
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a reference strain.  The cell wall-less mutant strain BAFJ5 (cw15, arg7-7, nit1, nit2, sta6-1::ARG7) was 

provided by Steven Ball from Laboratoire de Chimie Biologique, in Villeneuve d’Ascq Cedex, France. 

Strains were axenically cultured in Sueoka High Salt medium supplemented with 14.63 mM (1.2g L-1) 

anhydrous sodium acetate (HSA+N) and grown mixotrophically (Hoober, 1989).  Microalgal cells 

subjected to nitrogen deprivation were transferred to High Salt media with acetate, but without 

ammonium chloride (HSA-N).  

3.2.2  Cell cultivation and growth analysis 

All cultures were agitated at 100 rpm on an orbital shaker at 22 C with 125 mL of HSA culture 

medium in 250 mL glass Erlenmeyer flasks.  For each growth condition (mixotrophic or heterotrophic), 

cells were grown to mid-log phase and reinoculated into fresh medium prior to further growth in light 

or dark conditions.  This procedure was carried out twice with regrowth after each reinoculation to 

generate heterotrophically or mixotrophically grown cells. Mixotrophic cultures were grown in 

approximately 115 mol of fluorescent light.  After the initial subculture, heterotrophically grown 

strains were kept in the dark; minimal exposure to the light occurred only when growth measurements 

were taken.  Cell density was measured by spectrophotometry by determining the optical density at 750 

nm (OD750).  All culturing was done in triplicate.  

Nitrogen levels were controlled by splitting cultures, centrifuging, and then re-suspending the 

cultures in HSA medium either with nitrogen (+N; ammonium chloride) or without nitrogen (-N), 

respectively.  Cells were grown to mid-log phase (approximately an OD750 of 0.5 for mixotrophic 

growth and 0.3 for heterotrophic growth), divided into two 50 mL centrifuge tubes, and centrifuged at 

2000 rpm (800 x g) for 5 minutes at 23C with an Eppendorf Centrifuge 5810R using an A-4-62 rotor 

(Eppendorf North America, Hauppauge, NY).  The supernatant was decanted and the cell pellet was 

transferred into 125 mL of HSA+N or HSA-N. All cultures were grown for approximately 48 hours 

before fluorometric and microscopic analyses of the cells.  
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3.2.3  Microscopy and nile red preparation 

 After growth for 48 hours in HSA+N or HSA–N, an aliquot of each sample was examined 

under fluorescence microscopy for the presence of lipid bodies.  Cultures were viewed on an Olympus 

BX41 fluorescence microscope (Olympus America, Center Valley, PA) equipped with a Cytoviva, 

high-resolution illuminator (CytoViva, Inc., Auburn, AL), operating in fluorescence mode.  Images 

were acquired with a SPOT Flex Color Digital Camera (model 15.2), using Spot Advanced (version 

4.6) imaging software from Diagnostic Instruments (Sterling Heights, MI).  Aliquots (1 mL) of each 

culture were immobilized by the addition of 5 L of iodine solution (0.25 g of iodine, 100 mL of 95% 

ethanol, ~9.8 mM). Nile Red (Sigma-Aldrich, St. Louis, MO) stock solutions (1 mg mL-1) dissolved in 

acetone were prepared and placed in crimp cap HPLC vials and kept in the dark to prevent photo-

degradation of the dye.  All Nile Red stocks were kept at 4C for at least 24 hours after preparation, to 

allow dye stabilization.  For imaging, 3 μL of Nile Red stock solution was added to each sample and 

gently agitated for one minute.  

3.2.4  Fluorometric analysis 

 Fluorometry was used to semi-quantitatively measure the emission of chlorophyll and Nile Red 

fluorescing lipid bodies using a FluoroMax-3 spectrofluorometer and FluorEssence software to display 

the data (Horiba Jobin Yvon; Edison, NJ).  All cultures were diluted to an OD750 of 0.2 with fresh HSA 

medium to standardize the culture densities. A 2 mL aliquot of each sample was excited by light at a 

wavelength of 488 nm through a 2 nm slit and the resulting emission was measured from 500 to 800 

nm through a 0.5 nm slit.  The detection integration time was 0.2 seconds. Each sample was run 

without Nile Red dye first, to measure chlorophyll autofluorescence. Samples were then excited to 

fluoresce through the addition a 2.75 μL aliquot of Nile Red (1mg mL-1) using a chromatography 

syringe. Nile Red dye quality was verified for signal strength in acetone pre- and post-sampling, with 
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the desired signal intensity of approximately 300,000 fluorescence units. The intensity of dye used was 

adjusted, keeping signal strength within 15 percent of the desired intensity.  

3.3 Results and Discussion 

3.3.1  High salt medium is unfavorable for heterotrophic growth and yields low final cell densities.   

 High salt medium has been previously used for heterotrophically cultured C. reinhardtii (Li et 

al., 2010).  When grown mixotrophically in HSA+N, cc-124 and BAFJ5 reached similar densities, 

exhibited normal growth patterns and cultures were dark green.  However, heterotrophically grown 

BAFJ5 cultures became yellow and cc-124 cultures pale green (Figure 3.1).  Additionally, mixotrophic 

cultures of cc-124 and BAFJ5 in HSA-N changed to a yellow/green color, but they did not appear 

different in heterotrophic HSA-N cultures.  It is likely that the change in chlorophyll pigment may be 

due to chlorophyll catabolism (Ball et al., 1991). When grown heterotrophically, both cultures grew, 

but peak biomass occurred at lower culture densities (OD750 0.5 and 0.4 respectively; Figure 3.2). In 

addition, the sub-culturing of cells from heterotrophic cultures from time points after the maximum 

culture absorbance OD750 was reached resulted in no viable growth. This suggests that cells at peak cell 

density were stressed or compromised to the extent where viable cell growth was no longer possible. 

Sub-culturing of cells prior to this time point resulted in viable growth. 
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Figure 3.1  Culturing flasks containing cc-124 (1 and 3) and BAFJ5 (2 and 4). Flasks 1 and 2 contain 

algae cultured mixotrophically. Flasks 3 and 4 contain heterotrophically cultured cells.  
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Figure 3.2  Growth curves for cc-124 and BAFJ5 in HSA+N under mixotrophic and heterotrophic 

conditions. A and B: Growth curves for cc-124 and BAFJ5 grown mixotrophically (solid line) and 

heterotrophically (dotted line). Both strains show typical growth patterns during mixotrophic growth. 

The OD750 of both strains declined after maximum OD was reached. The reference strain cc-124 was 

only cultured once, while BAFJ5 was cultured in triplicate.
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3.3.2  Lipid bodies accumulate in heterotrophic cells grown in HSA-N.  

 Mixotrophically and heterotrophically cultured cc-124 and BAFJ5 were grown to mid-log phase 

and evenly subcultured into HSA+N and HSA-N media, respectively.  After 48 hours, cultures were 

examined for the presence of lipid bodies by fluorescence microscopy using Nile Red (Figure 3.3).  As 

expected, strain cc-124 displayed no lipid bodies when grown mixo- or hetero-trophically in HSA+N 

medium but lipid bodies were produced when grown mixo- and hetero-trophically in HSA–N medium.  

Similarly, under mixotrophic conditions BAFJ5 cells also produced lipid bodies when grown on HSA-

N as shown previously (Figure 3.3 A-D;) (Wang et al. 2011).  In contrast to the results of Li et al. 

(2010), the heterotrophic culture of cc-124 and BAFJ5 in HSA-N generated cells that contained lipid 

bodies (Figure 3.3 F, H, J, L).  In addition, when BAFJ5 cells were grown heterotrophically in HSA+N, 

cell types were observed with and without lipid bodies (Figure 3.3 G vs. K).  Lipid bearing cells of 

BAFJ5 in HSA+N were estimated at 38% of the total culture but one to two lipid bodies per field of 

view only were observed.  

3.3.3  Fluorometric analysis of Nile Red fluorescing lipid bodies in C. reinhardtii cells. 

Increased lipid body production by cultures was assessed by fluorometry using Nile Red as a 

lipid-specific probe (Figure 3.4).  Chlorophyll autofluorescence at 700 nm was seen in all samples 

where Nile Red was excluded and the height of the peak broadly reflected total cell yield.  In 

mixotrophic cultures with HSA-N medium, cc-124 and BAFJ5 generated a prominent fluorescence 

peak around 590 nm, indicative of lipid production.  As expected, mixotrophically grown cc-124 and 

BAFJ5 cells in HSA+N both produced little to no lipid body-specific flurometric emissions (Figure 3.4 

A-D).  Under heterotrophic conditions cc-124 grown HSA-N produced only a slight increase in lipid 

body-dependent fluorescence compared to cultures grown in HAS+N (Figure 3.4 F vs. E).   
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Subsequent analysis of lipid production in cc-124 heterotrophically grown (+N and –N) in a 

modified Sager-Granick medium (Hoober, 1989) produced similar emission profiles and microscopic 

images (data not shown), indicating that although lipid body production increased under nitrogen 

limitation, the fluorescence signal was less apparent than BAFJ5 cultured under the same conditions. In 

contrast, heterotrophically grown BAFJ5 cells produced a strong lipid signal in HSA+N and HSA-N 

media (Figure 3.4 G, H) although there is an apparent shift in the peak for lipid body dependent 

emission.  This corroborates the findings of the microscopic analysis that BAFJ5 produces lipid bodies 

in HSA+N and HSA-N media. 
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Figure 3.3 Fluorescence microscopy images of C. reinhardtii cells grown mixo- and hetero-trophically 

in HSA+N and HSA-N. A-D: C. reinhardtii cells grown mixotrophically for 48 hours in HSA+N (A, 

C) or HSA-N (B, D) medium. (A, B = cc-124; C, D = BAFJ5). Strains cc-124 and BAFJ5 produced 

lipid bodies only when grown mixotrophically in HSA-N. E, F, I, J: heterotrophically grown cc-124 

only produced lipid bodies in HSA-N (F, J) but not HSA+N (E, I). G, H, K, L: Heterotrophically grown 

BAFJ5 produced lipid bodies in HSA-N (H, L). In addition, two distinct populations of BAFJ5 cells 

were observed in HSA+N medium: lipid producing (K) and non-lipid producing (G). Arrows = lipid 

bodies.
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Figure 3.4  Fluorometric analysis of mixo- and hetero-trophically grown C. reinhardtii pre- and post-Nile Red staining for lipid bodies.  

Cells were grown for 48 hours in HSA+N and HSA-N before staining with Nile Red (red trace) or excluding Nile Red (blue trace). The blue 

peak is due to chlorophyll autofluorescence. A- D: mixotrophically grown cells of cc-124 (A, B) and BAFJ5 (C, D) in the presence (A, C) 

and absence (B, D) of N. E-H: heterotrophically grown cells of cc-124 (E, F) and BAFJ5 (G, H) grown in the presence (E, G) and absence 

(F, H) of N. Nile Red association with lipids, if present, generates a broad fluorescence peak (red). Figure F additionally displays an enlarged 

view of the Nile Red probed samples from the heterotrophic cc-124 HSA+N (shown in black) and HSA-N (shown in green).  
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3.4  Conclusion   

 Li et al. 2010 demonstrated that heterotrophically grown C. reinhardtii in HS media bubbled 

with CO2 produced no lipid bodies and concluded that lipid production was dependent upon 

photosynthesis in C. reinhardtii. We have presented evidence that when C. reinhardtii is 

heterotrophically grown and supplied exogenous carbon in the form of acetate it produces lipid bodies 

in the absence of light. We propose that previous research found CO2 was sufficient as a carbon source 

for heterotrophic growth, but not sufficient to support lipid body synthesis. The surplus of carbon 

provided as acetate to heterotrophically grown C. reinhardtii is sufficient, but not optimal, to redirect 

the flow from cellular growth and starch synthesis to carbon storage in the form of FA.  Although the 

strains did not grow to maximal densities, they were shown to produce lipid bodies following nitrogen 

deprivation, similarly to the results obtained during mixotrophic growth. Additional research into 

optimizing the carbon to nitrogen ratio, monitoring the pH and carbon consumption, and consideration 

of dissolved oxygen would be the next logical steps for this work. The initial concentration of acetate 

(14.63 mM) was potentially starving the cells of carbon. While cellular growth and lipid production 

were observed, the growth medium composition and carbon loading were deemed insufficient to 

provide robust algal growth.   
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Chapter 4 

Manipulation of culture conditions alters lipid content and fatty acid profiles of a wide variety of 

known and new oleaginous yeast species 

4.1  Preamble 

The following work was done as a part of a collaboration between Dr. David Levin at the 

University of Manitoba and Dr. Kyria Boundy-Mills, Director of the Phaff Yeast Culture Collection at 

the University of California at Davis (UC Davis).  Under the direction of Dr. Boundy-Mills, I was part 

of a team that screened the Phaff culture collection for yeast isolates with high biomass and lipid 

production. During routine maintenance, Drs. Boundy-Mills and Irnayuli R. Sitepu observed a small 

subset of colonies that floated in glycerol containing medium, prior to cryopreservation. Of these 

floating isolates, some were known oleaginous yeast species, and it was hypothesized that the colonies 

were more buoyant due to high intracellular lipid content.  

A total of 69 strains from the Phaff Collection were examined for biomass production, total 

neutral lipid accumulation, and fatty acid composition in different media. The cultures were initially 

grown in complete media for maximal growth, then split into nitrogen limited media (favoring lipid 

production) and fresh complete media (control). This side-by-side comparison examined growth traits, 

basal level and induced lipid accumulation by nitrogen deprivation, and was the first oleaginous yeast 

screen of this magnitude.  

The preliminary screening studies sought to examine multiple strains for biomass production 

and neutral lipid content. Many techniques and experiments were employed, several of which were 

with-held from publication, including microscopy of Nile Red stained cells, various media 

compositions tested, and microtiter plate growth kinetic studies, as well as cultures that self-flocculated 

or produced high-value FA or carotenoids. 

The entire work was a collaboration. My contribution to this work was in the experimental 
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design, testing of growth media, growth of yeast, culture manipulation, cell harvest, microtiter growth 

kinetics (unused), microscopy, and freeze drying of samples. Dr. Irnayuli R. Sitepu contributed to all 

parts and wrote the body of the manuscript. This research was published in Bioresource Technology:  

Sitepu IR, Sestric R, Ignatia L, Levin D, German JB, Gilies LA, Almada LAG, Boundy-Mills KL. 

2013. Manipulation of culture conditions alters lipid content and fatty acid profiles of a wide variety of 

known and new oleaginous yeast species. Bioresource Technology 144, 360-369. 

4.2    Abstract 

Oleaginous yeasts have been studied for oleochemical production for over 80 years. Only a few 

species have been studied intensely. To expand the diversity of oleaginous yeasts available for lipid 

research, we surveyed a broad diversity of yeasts with indicators of oleaginicity including known 

oleaginous clades, and buoyancy. Sixty-nine (69) strains representing 17 genera and 50 species were 

screened for lipid production. Yeasts belonged to Ascomycota families, Basidiomycota orders, and the 

yeast-like algal genus Prototheca. Total intracellular lipids and fatty acid composition were determined 

under different incubation times and nitrogen availability. Eighteen new oleaginous yeast species were 

discovered, representing multiple ascomycete and basidiomycete clades. Nitrogen starvation generally 

increased intracellular lipid content. The fatty acid profiles varied with the growth conditions regardless 

of taxonomic affiliation. The dominant fatty acids were oleic acid, palmitic acid, linoleic acid, and 

stearic acid. Yeasts and culture conditions that produced fatty acids appropriate for biodiesel were 

identified. 

4.3    Introduction 

Concerns about climate change and energy independence are driving development of 

renewable, non-food based liquid transportation fuels such as biodiesel. Biodiesel could reduce global 

warming impacts; lower emissions of CO, CO2, sulfur oxide, and particulate matter; is highly 

degradable and non-toxic; is a drop- in replacement fuel for existing diesel vehicle and boiler engines 
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without major modifications; and presents economic potential for rural growers (Atabani et al., 2012).  

Edible plant oils used for biodiesel worldwide are rapeseed  (84%), sunflower (13%), palm oil 

(1%), and soybean and others (2%) (Atabani et al., 2012). The rising cost of edible plant oils and public 

debate of the ‘‘food vs. fuel’’ issue have encouraged development of biodiesel from non-edible plant 

oils such as jatropha, jojoba, and waste oils such as cooking grease and animal fats. However, these oils 

may not be sufficiently abundant to meet global needs, and animal fats perform poorly in cold weather. 

Biodiesel, the primary renewable alternative to petroleum diesel, is produced by 

transesterification of triacylglycerides (TAGs) into fatty acid methyl esters. Fatty acid composition has 

significant impacts on performance of biodiesel (Knothe, 2005; Steen et al., 2010). Chain length, the 

degree of unsaturation and branching modify cetane number, melting point, oxidative stability, 

kinematic viscosity and heat of combustion, which are relevant properties that a biodiesel must meet in 

order to comply with official standards, The relationship between the structural features and the 

chemical specifications appear in Table 4.1. Oil sources with high amounts of oleic acid would be ideal 

candidates for biodiesel purposes, because this fatty acid best meets these criteria (Knothe, 2005). 
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Table 4.1. Relationship between fatty acid structure and biodiesel performance parameters (Knothe, 2005, 2008; Steen et al., 2010).  

 Cetane Number 

(ignition quality: 

greater is better) 

Melting Point 

(lower is better) 

 

Oxidative Stability 

(more stable is better) 

Kinematic Viscosity 

(less viscous is better) 

Heat of combustion 

(greater is better) 

 

Chain length 

 

Longer is better 

 

Shorter is better 

 

NR 

 

Shorter is better 

 

Longer is better 

 

Degree of 

unsaturation 

 

Saturated is better 

 

Unsaturated is better 

 

Saturated is better 

 

Unsaturated is better 

 

NR 

 

Branching 

 

NR 

 

Branching is better 

 

NR 

 

NR 

 

NR 

Note. NR: Not relevant 
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 Microbes including bacteria, fungi (including yeasts), and microalgae have been considered 

alternate sources of Single Cell Oils (SCO) for oleochemicals, including biodiesel. For example, there 

is currently significant interest in using microbially synthesized TAGs for production of aviation fuels. 

Microorganisms that are able to accumulate lipids above 20% of their biomass on a dry basis are 

termed oleaginous (Ratledge, 1979). Oleaginous yeasts exhibit advantages over microalgae in that they 

have faster duplication times, are relatively easy to scale up, and their production is not subject to 

seasonal and cyclical weather variations (Ageitos et al., 2011). 

Oleaginous yeasts have the capability to synthesize and accumulate high levels of TAGs within 

their cells, up to 70% of the biomass weight, including for example Lipomyces starkeyi, 

Rhodosporidium toruloides, Rhodotorula glutinis, and Yarrowia lipolytica (Ageitos et al., 2011). 

Examination of enzymatic activity (Wynn & Ratledge, 2002) and comparative genomics (Vorapreeda 

et al., 2012) suggest that ATP:citrate lyase (ACL) may play a role in directing excess carbon to be 

stored as lipids rather than carbohydrates in oleaginous yeasts. Analysis of additional oleaginous yeast 

species, or high- and low-lipid accumulating strains of the same species, could be used to confirm and 

expand these observations. 

Numerous studies have reported oil content and/or fatty acid composition of yeasts (Beopoulos 

et al., 2010; Kaneko et al., 1976; Meng et al., 2009; Rattray et al.,1988), however, many of these 

studies utilized a limited number of species. The fatty acid profiles of most of the 1600 currently 

known yeast species have not been reported. Additionally, differences in culture conditions make it 

impossible to compare results from different studies, as oil accumulation depends highly on culture 

conditions such carbon source, nitrogen source, C/N molar ratio, temperature, and oxygenation 

(Ageitos et al., 2011). Screens for oleaginous yeasts selected on indicators of oleaginicity such as 

growth in glycerol (Pan et al., 2009), growth in nitrogen-poor  medium (Kraisintu et al., 2010), or 

strains cited in patents on oil production (Gujjari et al., 2011) had higher success rates in identifying 
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oleaginous strains than screens of yeast strains selected randomly (Kaneko et al., 1976; Kitcha & 

Cheirsilp, 2011; Rattray et al., 1988). Therefore, indicators of potential oleaginicity should be used to 

select yeasts likely to accumulate high amounts of lipids. 

Of over 1600 known yeast species, over 40 are known to be oleaginous. These yeasts belong to 

ascomycete genera Candida, Cyberlindnera, Geotrichum, Kodamaea, Lipomyces, Magnusiomyces, 

Metschnikowia, Trigonopsis, Wickerhamomyces, and Yarrowia (Eroshin & Krylova, 1983; Kitcha & 

Cheirsilp, 2011; Pan et al., 2009; Rattray et al., 1988) and to basidiomycete genera Cryptococcus, 

Guehomyces, Leucosporidiella, Pseudozyma, Rhodosporidium, Rhodotorula, and Trichosporon 

(Amaretti et al., 2010; Eroshin & Krylova, 1983; Hansson & Dostálek, 1986; Husain & Hardin, 1952) 

such as ASTM D6751 & EN 14214 (Knothe, 2008; Pederson, 1961; Sitepu et al., 2012). Oleaginicity is 

not clade-specific: oleaginous and non-oleaginous species reside in the same clades. This suggests that 

oleaginicity arose multiple times independently, and thus may have multiple mechanisms. Some clades, 

such as the R. glutinis clade, contain multiple high-oil species as well as lower-oil species. 

Furthermore, some species such as Rhodosporidium diobovatum include both high- and low-lipid 

accumulating strains (Sitepu et al., 2012). 

The lipid composition and energy value of yeast oils are similar to plant and animal oils, but 

their production does not compete for food resources, in particular if it is based on inexpensive carbon 

sources, such as by-products and waste products. Conversion of lignocellulosic hydrolysates to oil by a 

few oleaginous yeasts has been achieved (Huang et al., 2013; Wang & Bai, 2008; Yu et al., 2011; Zhan 

et al., 2013). Expansion of the known oleaginous yeast species and strains would allow selection of 

yeasts with hydrolysate-specific properties such as carbohydrate utilization, osmotolerance, tolerance of 

low pH, toxin tolerance, and ability to grow without supplemented vitamins. 

High glucose concentrations inhibit growth and lipid accumulation in Crabtree-positive yeasts, 

but not Crabtree-negative yeasts (Rattray et al., 1988). For example, increasing glucose up  to 120 g/L 
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resulted in both increased biomass and increased lipid in Rhodotorula glacialis (Amaretti et al., 2010). 

Oleaginous yeasts able to accumulate both high cell mass and high lipid in high sugar conditions would 

be useful for conversion of high-sugar lignocellulosic hydrolysates such as AFEX™-pretreated corn 

stover hydrolysate, which contains over 80 g sugar per liter (Schwalbach et al., 2012).  

This study reports results of intracellular lipid accumulation and fatty acid profiles of 69 yeasts 

strains representing a broad range of basidiomycetous and ascomycetous yeasts, as well as Prototheca, 

which are non-photosynthetic algae in the order Chlorelalles with cellular and colony morphology 

similar to yeasts. Strains were selected based on two indicators of oleaginicity: belonging to known 

oleaginous yeast species or their taxonomic relatives, or buoyancy in 20% glycerol (Sitepu et al., 

2012). Three culture conditions were used to obtain additional information on the effect of nitrogen 

depletion and incubation time on cell biomass accumulation, lipid accumulation and the fatty acid 

proportions. 

4.4 Methods 

4.4.1  Yeast strains and culture conditions 

Sixty-nine (69) yeast strains used in this study were selected from the Phaff Yeast Culture 

Collection, the University of California Davis. They represented a broad range of Basidiomycota and 

Ascomycota as well as Viridiplantae order Chlorellales (genus Prototheca), a non-photosynthetic alga 

with yeast-like cells and colonies (Table 4.2). Yeast strains selected included known oleaginous 

species, their taxonomic relatives, or buoyant strains. Phaff collection yeasts are routinely 

cryopreserved by placing cell mass scraped off a PDA agar plate (potato dextrose, Difco™,  Sparks, 

MD, USA), a nitrogen-limiting medium, into a cryovial containing 20% glycerol. Most yeasts sink. 

Known oleaginous species float, as well as many additional species not previously known to be 

oleaginous. We previously confirmed that buoyancy in 20% glycerol is an indicator of oleaginicity 

(Sitepu et al., 2012). 
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Yeast strains were revived from cryo-preserved stocks stored at -80 °C and grown on PD agar 

plates.  One colony was inoculated into 10 mL YM broth  (yeast extract 3.0 g/L, malt extract 3.0 g/L, 

peptone 5.0 g/L, dextrose 10 g/L) in   a roller-drum at 24 °C for 24 h. This seed culture was transferred 

to 10 mL modified Medium A (MedA+), making a 5% inoculum concentration and grown in the same 

condition for 24 h. MedA+ is modified media after Medium A described in (Suutari, 1993) with 120 g 

glucose/L (rather than 30),  0.1 g/L  calcium  chloride,  0.5 g/L  ammonium chloride,  1.5 g/L yeast   

extract   (Becton, Dickinson and Company, Sparks, MD, USA), 7.0 g/L   KH2PO4, 2.5 g/L Na2HPO4-

2H2O, 1.5 MgSO4-7H2O, 0.08 g/L FeCl3-6H2O, 10.0 mg/L ZnSO4-7H2O, 0.07 mg/L MnSO4-H2O, 

0.1 mg/L CuSO4, 0.063 mg/L  Co(NO3)2. 3.0 mL of this pre-culture were transferred to a 250 mL 

Erlenmeyer flask containing 125 mL MedA+ (culture condition A), making a 2.4% inoculum 

concentration and shaken in a rotary shaker incubator (Series 25, New Brunswick Scientific Co., Inc., 

Edison, New Jersey, USA) at 28 °C, 150 rpm  for  72 h  to  allow exponential growth. Growth was 

followed by measuring the optical density at 600 nm (OD600) with a spectrophotometer (NanoDrop 

2000c UV–Vis spectrophotometer, Thermo Scientific Inc., Wilmington, Delaware, USA), at 0 h, 24 h, 

48 h and 72 h after inoculation. Fifteen (15) mL of these cultures were harvested after 72 h by 

centrifugation at 3220 x g for 10 min, the supernatant was decanted, and the pellet was washed twice 

with 15 mL sterile deionized water. 
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Table 4.2. Strain species and UCDFST ID number, cell dry weight, total intracellular lipids weight and percentage of 69 yeast strains 

grown in three different culture conditions diagrammed in Figure 1, grouped by their taxonomic affiliations.  

 

A.  Ascomycota; Saccharomycotina; Saccharomycetes; Saccharomycetales 
Ordera-Genus species    

Other culture 

collection ID 

 

Source habitat 

Cell dry weight (g/L)     Total lipids (%) Total lipid weight (g/L) 

Culture Condition A B C A B C A B C 

Ascomycota; Saccharomycotina; Saccharomycetes; Saccharomycetales 

Debaryomycetaceae                   

 Scheffersomyces stipitis 10-948 FORDA-CC 776 Fungal fruiting body, Sulawesi, Indonesia 0.65 1.11 0.89 16.06 15.44 17.87 0.10 0.17 0.16 

Scheffersomyces stipitis 10-950 FORDA-CC 778 Swab of beetle larva tunnel in beetle-infested log, Sulawesi, Indonesia 0.67 1.56 1.11 15.14 13.30 26.00 0.10 0.21 0.29 

Kurtzmaniella cleridarum 76-729.2 - Mushroom, Patrick Point, California USA 2.00 4.44 2.00 32.24 26.04 33.33 0.64 1.16 0.67 

Candida aff. insectorum 10-850 FORDA-CC 685 Lepidoptera larva gut, Sulawesi, Indonesia 2.00 3.33 3.11 13.75 15.01 13.98 0.28 0.50 0.43 

Lipomycetaceae            

Lipomyces lipofer 78-19T 
NRRL Y-11555; 

CBS 944 
Soil 1.33 4.89 2.89 35.95 33.58 51.33 0.48 1.64 1.48 

Lipomyces starkeyi 78-23 - Opuntia stricta, Yarrawonga, New South Wales, Australia 2.00 4.67 0.89 25.29 37.48 40.00 0.51 1.75 0.36 

Myxozyma melibiosi 52-87 

CBS 2102; ATCC 

24226; NRRL Y-

11781 

Bark beetle Dendroctonus monticolae in Pinus ponderosa, California, USA 2.00 4.67 3.33 19.51 23.44 17.67 0.39 1.09 0.59 

Myxozyma cf. melibiosi 76-318.3 - Agria cactus Stenocereus gummosus, Baja California Sur, Mexico 2.67 4.22 3.11 9.42 9.67 8.81 0.25 0.41 0.27 

Myxozyma mucilagina 76-214.2 - Organ pipe cactus Stenocereus thurberi, Baja California Sur, Mexico 2.00 4.67 3.11 11.13 12.06 20.82 0.22 0.56 0.65 

Metschnikowiaceae            

Candida  aff. sagamina 10-1002 FORDA-CC 577 Liquid in cup fungus, Sulawesi, Indonesia 1.33 2.00 1.11 14.41 12.85 12.77 0.19 0.26 0.14 

Pichiaceae            

Pichia manshurica 49-14 - Olive brine, California, USA 2.00 4.00 2.44 16.00 17.68 15.40 0.32 0.71 0.38 

Trichomonascaceae            

Candida aff. kazuoi 10-784 FORDA-CC 627 Fungus under bark, Sulawesi, Indonesia 0.67 1.11 0.89 13.17 12.75 10.44 0.09 0.14 0.09 

Incertae sedis            

Yarrowia lipolytica  68-653.4 - Exudate of Betula papyrifera  Kenai Peninsula, Alaska, USA 2.67 4.44 1.56 8.69 17.63 18.00 0.23 0.78 0.28 
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B.   Basidiomycota 
Ordera-Genus species   Other culture 

collection ID 
Source habitat 

Cell dry weight (g/L)     Total lipids (%) Total lipid weight (g/L) 

Culture Condition A B C A B C A B C 

Basidiomycota 

Pucciniomycotina; Cystobasidiomycetes; Aurantiaca group 

Rhodotorula aurantiaca 02-119 - White alder, Vacaville, California, USA 2.00 1.33 1.33 16.03 20.00 20.51 0.32 0.27 0.27 

Pucciniomycotina; Microbotryomycetes; Leucosporidiales 

Leucosporidiella creatinivora 62-1032 - Exudate of alder tree, California, USA 2.00 3.56 3.78 25.64 21.08 48.58 0.51 0.75 1.84 

Pucciniomycotina; Microbotryomycetes; Sporidiobolales 

Rhodotorula colostri  67-113 - Water from Tomales Bay near Inverness, California, USA 0.67 0.44 0.44 26.89 14.11 18.07 0.18 0.06 0.08 

Rhodotorula dairenensis 72-233 - Fermented arrow root liquid, California, USA 2.67 4.00 2.22 18.82 17.74 21.75 0.50 0.71 0.48 

Rhodotorula dairenensis 78-54 - Wisconsin, USA 3.33 5.56 4.44 16.80 16.92 17.11 0.56 0.94 0.76 

Rhodotorula glutinis 06-542 - Olive fly Batrocera oleae-infested olive, Winters, California, USA 1.33 2.89 1.78 40.95 52.19 58.05 0.55 1.51 1.03 

Rhodotorula glutinis 62-106  Wasp nest. 2.67 4.44 7.11 22.22 25.34 20.38 0.59 1.13 1.45 

Rhodotorula glutinis 50-309 CBS 20; ATCC 2527 Atmosphere, Japan 1.33 1.33 0.67 18.75 19.68 19.25 0.25 0.26 0.13 

Rhodotorula glutinis 62-528 - Susan River water, California, USA 3.33 5.33 5.11 33.75 18.16 22.95 1.12 0.97 1.17 

Rhodotorula graminis 62-354 - Vetch flowers, Saskatoon, Canada 2.00 4.44 4.00 11.44 10.94 21.22 0.23 0.49 0.85 

Rhodotorula mucilaginosa  40-129 - Soil, California, USA 2.00 2.89 3.11 20.87 20.76 32.74 0.42 0.60 1.02 

Rhodotorula mucilaginosa 78-548.1 - Opuntia stricta, Grandchester Hill, Queensland, Australia 2.67 6.22 8.44 18.96 20.24 8.83 0.51 1.26 0.75 

Rhodosporidium babjevae 05-775 - Sap on Olea europaea, Winters, California, USA 2.00 4.44 3.33 50.84 58.04 65.32 1.02 2.58 2.18 

Rhodosporidium babjevae 04-877 - Female olive fly Batrocera oleae, Davis, California, USA 3.33 6.22 6.22 38.78 40.07 46.87 1.29 2.49 2.92 

Rhodosporidium babjevae 68-916.1 - Insect frass of Alnus sp. (alder), Emory Creek, British Columbia, Canada 2.00 3.33 3.56 22.58 24.00 35.00 0.45 0.80 1.24 

Rhodosporidium babjevae 05-736 - Female olive fly Batrocera oleae, Davis, California, USA 2.00 3.33 4.44 29.10 37.29 43.20 0.58 1.24 1.92 

Rhodosporidium babjevae  05-613 - Female olive fly Batrocera oleae, Davis, California, USA 2.00 5.11 3.78 27.08 39.77 40.62 0.54 2.03 1.53 

Rhodosporidium diobovatum 04-864 - Male olive fly, Cruess hall olive trees, Davis, California 2.67 6.00 3.33 21.98 24.21 26.74 0.59 1.45 0.89 

Rhodosporidium diobovatum 08-225 CBS 6085 Sea water, southeastern Florida, USA 4.67 4.44 3.78 35.46 34.51 39.69 1.65 1.53 1.50 

Rhodosporidium fluviale 81-485.4 - Opuntia ficus-indica, City of Tucson, Arizona, USA 1.33 3.78 1.33 15.02 14.19 14.97 0.20 0.54 0.20 

Rhodosporidium paludigenum 09-163 CBS 3044 Leaf of Desmodium repens, The Netherlands 2.00 4.67 3.56 19.79 25.70 39.73 0.40 1.20 1.41 

Rhodosporidium paludigenum 82-507.2 - Stenocereus hystrix, Hatillo, Dominican Republic, Caribbean 3.33 5.11 3.56 18.12 17.88 36.32 0.60 0.91 1.29 

Rhodosporidium sphaerocarpum 68-43 AU-1  Unknown 4.00 6.00 4.89 25.95 14.81 36.60 1.04 0.89 1.79 

Rhodosporidium toruloides 68-264 CBS 315 Air, Tokyo, Japan 2.67 4.44 3.78 27.06 26.00 45.67 0.72 1.16 1.73 

Agaricomycotina; Tremellomycetes; Cuniculitremaceae 

 Cuniculitrema polymorpha  82-13   Gelatinous deposits on drenched pitwood planks in old ore mine, Germany 0.67 2.44 2.00 15.90 14.58 20.88 0.11 0.36 0.42 

Agaricomycotina; Tremellomycetes; Filobasidiales 

Filobasidium floriforme 06-227 - Drosophila melanogaster-infested apple, Davis, California, USA 2.00 5.33 3.33 19.51 16.17 25.72 0.39 0.86 0.86 

 Filobasidium floriforme 71-71 CBS 6240 Florets of Eryanthus giganteus (plume grass), USA  2.00 4.00 2.89 8.87 9.67 13.89 0.18 0.39 0.40 

 Filobasidium globisporum 05-541  Prunus cerasus Shubinka, Wolfskill Experimental Orchard, Winters, CA 2.00 3.56 2.22 14.96 18.82 20.26 0.30 0.67 0.45 

 Filobasidium aff. globisporum 83-617.3 - Washing from barrel cactus extrafloral nectary 0.67 3.11 1.33 12.30 9.82 11.94 0.08 0.31 0.16 
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Basidiomycota, continued 
Ordera-Genus species   Other culture 

collection ID 
Source habitat 

Cell dry weight (g/L)     Total lipids (%) Total lipid weight (g/L) 

Culture Condition A B C A B C A B C 

 Filobasidium inconspicuum 89-39 K. Wells 304-2  1.33 2.67 4.00 12.98 14.11 29.32 0.17 0.38 1.17 

 Cryptococcus albidus 63-203 - Fales hot spring effluent, Mono Lake, California, USA 2.00 3.78 1.78 30.40 26.05 33.97 0.61 0.98 0.60 

 Cryptococcus albidus 76-324.2 - 
Cardon cactus (Pachycereus pringlei) active rot with Drosophila larvae, Baja 

California Sur, Mexico 
2.00 3.56 2.89 10.20 11.19 18.01 0.20 0.40 0.52 

Cryptococcus gastricus 81-46 - Black rot of Cephalocereus sp. Cat Island, Bahamas, Caribbean 0.67 2.44 4.00 15.69 12.87 20.46 0.10 0.31 0.82 

Cryptococcus magnus 10-900 FORDA-CC 733 Cerambycid larva gut, Sulawesi, Indonesia 0.67 0.89 0.44 13.78 17.87 21.18 0.09 0.16 0.09 

 Cryptococcus oeirensis 05-864 - Female olive fly Batrocera oleae, Davis, California, USA 1.33 3.11 1.78 16.59 16.75 25.79 0.22 0.52 0.46 

Cryptococcus terreus 61-443 - Soil, California, USA 2.00 3.11 3.78 25.44 23.89 51.68 0.51 0.74 1.95 

 Cryptococcus aff. taibaiensis 73-750 - Freycin leaf axil, Lanai, Hawaii, USA 2.00 2.89 2.44 12.57 10.86 37.37 0.25 0.31 0.91 

Cryptococcus flavescens 76-773.1  Opuntia (cactus) rot 2.00 3.78 3.56 13.80 13.10 22.55 0.28 0.49 0.80 

Cryptococcus flavescens 76-106  Frozen fruit sample, Davis, California, USA 2.67 4.00 3.33 12.08 11.50 16.58 0.32 0.46 0.55 

Cryptococcus aff. laurentii 68-684.1  Exudate of Populus tremuloides at Delta Junction, Alaska, USA 0.15 1.56 0.22 31.30 12.49 17.84 0.05 0.19 0.04 

Cryptococcus luteolus 82-434  Opuntia stricta v. dilennii, Fond Parisienne, Haiti 0.67 2.67 2.22 13.28 13.39 20.70 0.09 0.36 0.46 

Filobasidium cf. uniguttulatus 68-873  
Frass and beetles attacking a Picea sp., near Prince George, British Columbia, 

Canada 
0.67 2.00 2.00 9.84 13.69 20.28 0.07 0.27 0.41 

 Cryptococcus victoriae 10-939  Beetle larva gut, Sulawesi, Indonesia 7.33 10.44 8.00 11.99 17.69 19.96 0.88 1.85 1.60 

 Hannaella aff. zeae 92-112 - Rotten bamboo shoot of Phyllostachys pubescens. Hseto Park, Taiwan 0.67 2.44 2.22 12.07 12.98 25.59 0.08 0.32 0.57 

 Tremella aurantia  61-383 - Insect frass in apple tree attacked by Scolytus rugulosus, California , USA 2.67 4.00 4.89 12.55 13.83 14.06 0.33 0.55 0.69 

 Tremella enchepala 68-887.2 - Cracked bark of Salix sp,. near Prince George, British Columbia, Canada 2.00 4.67 4.00 13.57 17.33 41.67 0.27 0.81 1.67 

Agaricomycotina; Tremellomycetes; Trichosporonales 

Cryptococcus cf. curvatus 74-20    Unknown 2.67 7.56 4.44 18.15 10.19 19.40 0.48 0.77 0.86 

 Cryptococcus humicola 10-1004  Fungal Fruiting Body, Sulawesi, Indonesia 2.00 6.44 3.33 26.31 27.45 35.48 0.53 1.77 1.18 

 Cryptococcus  ramirezgomezianus 54-

11.224 
 Fruiting body of Pleurotus fungus, California, USA 2.00 5.33 2.89 31.79 29.37 40.05 0.64 1.57 1.16 

Cryptococcus wieringae 05-544 - Prunus cerasus nectar, Wolfskill Experimental Orchard, Winters, California, USA 0.67 0.22 0.44 23.15 32.10 52.65 0.15 0.07 0.23 

Trichosporon guehoae 60-59 - Slime flux of a chestnut tree, Winschoten, Netherlands 3.33 6.89 4.44 23.20 21.31 37.48 0.77 1.47 1.67 

Viridiplantae; Chlorellales; Chlorellaceae 

Prototheca aff. zopfii 10-495 FORDA-CC 1911 Cerambycid larva, Sulawesi, Indonesia 0.15 0.67 0.44 46.97 13.08 10.16 0.07 0.09 0.05 

Prototheca stagnora 91-462.4 - Trichocereus pasacanna, Tucuman, Argentina 2.00 4.89 2.00 26.07 11.21 14.88 0.52 0.55 0.30 

Prototheca zopfii 72-160 - Myoporum sandwicense flux. Ahumoa, Island of Hawaii, USA 3.33 6.00 6.67 14.16 13.91 15.19 0.47 0.83 1.01 

Prototheca aff. zopfii var. 

hydrocarbonea 10-493 
FORDA-CC 1909 Cerambycid larva, Sulawesi, Indonesia 0.17 0.67 0.22 38.46 14.82 17.61 0.07 0.10 0.04 

Prototheca zopfii var. zopfii 60-48 NRRL YB-4826   4.67 7.56 7.78 12.44 16.01 13.37 0.58 1.21 1.04 

 

a Taxon Order is indicated in bold. Culture condition A: Yeast cells grown 72 hours in Medium A+. Culture condition B: Regrowth in 

Medium A+, for an additional 48 h. Culture condition C: Reg Medium A+ without nitrogen, and grown 48 h.  
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4.4.2 Determination of total lipid quantity by gravimetric analysis 

 All chemicals were of analytical grade. Several cell lysis methods were compared including 

enzymatic, physical, and chemical procedures, and relative lysis determined microscopically. Bead 

beating was determined to be superior (data not shown). To measure total lipid content, gravimetric 

analysis was used following (Sitepu et al., 2012) as follows. Triplicate 20 mg samples of freeze- dried 

cells were transferred to 2.0 mL screw cap tubes, with 1.5 mL Folch solvent (2:1 of CHCl3:MeOH, 

v/v; (Folch et al., 1957)) chloroform (Cat. #C2974) and methanol (Cat. #A454-1), Fisher Scientific 

Inc., Fair Lawn, New Jersey, USA), 0.5 mm zirconia beads (Cat. #11079105z, Biospec Products Inc., 

Oklahoma, USA), and two, 3.5 mm glass beads (Cat. #11079135, Biospec Products Inc., Oklahoma, 

USA). Cells were homogenized in an MP Bio Fast Prep®-24 homogenizer (MP Biomedicals, Ohio, 

USA) for 30 s, 5x with 30 s interval on ice. A total of 6.0 mL Folch solvent was used to extract lipids 

and 1.2 mL 0.9% NaCl was added for improved phase separation. 3.0 mL of the chloroform-rich phase 

was evaporated gradually in a 2.0 mL pre-weighed amber vial (Cat. #500-322, Sun Sri, Rock- wood, 

Tennessee, USA) under a slow stream of nitrogen. The lipid weight after extraction was used to 

calculate the total lipid as a percent of cell dry weight.
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Figure 4.1  Cultivation flow chart. 
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Figure 4.2 Yeast strains that accumulated  5 g/L dry cellular mass in culture B compared with Culture A and C. 
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4.4.3  Determination of quantification of total fatty acid methyl esters by gas chromatography-flame 

ionization detector 

This method was based on standardized protocols (Heinze et al., 2012) that were optimized and 

modified specifically for yeast lipids in this study. The dried lipid extracts were resuspended in 3.0 mL 

chloroform. 375 uL were transferred into a 2.0 mL pre-weighed amber vial containing a known 

concentration of internal standard (TAG 17:0 (glycerol trihepta-decanoate, Cat. #T2151- 100mg, 

Sigma–Aldrich Co. LLC. St. Louis, Missouri, USA) and processed for fatty acid methyl ester (FAME) 

profiling through transesterification. Trans-esterification was performed by adding 1.0 mL of 3 N 

MeOH HCl (Cat. #33050-U, Supelco, Sigma–Aldrich Co. LLC., St. Louis, Missouri, USA) and 

incubating at 60 °C for 14–16 h.  

Following derivatization, the solution was neutralized at room temperature by adding 500 uL of 

6% K2CO3 (potassium bicarbonate, Cat. #P184-500, Fisher Scientific, Fair Lawn, New Jersey, USA). 

To extract the FAMEs, 300 uL of hexane (Cat. #H306-1, Optima grade from Fisher Scientific Inc., Fair 

Lawn, New Jersey, USA) with 0.01% antioxidant BHT (butylated hydroxytoluene, Cat. #101162, MP 

Biomedicals LLC., Solon, Ohio, USA) were added to the solution. After vortexing briefly and 

centrifuging at 210xg for 10 min at 4 °C, the hexane layer was transferred to a 0.2 mL GC vial insert 

(Cat. #200-238, Sun Sri, Rockwood, Tennessee, USA). Prior to injection to the GC, samples were run 

on a TLC plate (thin layer chromatography coated with silica gel 60A, Cat. #4860-820, Whatmann®  

International Ltd., Maidstone, England) to check for complete FAME derivatization. TAG 17:0 

(glycerol trihepta-decanoate, Cat. #T2151-100mg, Sigma–Aldrich Co. LLC., St. Louis, Missouri, USA) 

was used as a reference on the TLC plate to observe the presence of FAMEs and check for complete 

derivatization.  

The fatty acid methyl ester profiling and quantification were performed with a gas 

chromatograph (Model 7890 GC-FID system, Agilent Techologies) and autosampler (7683 Gas 
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Chromatograph Serial #CN10550113 Santa Clara, California, USA) fitted with a split injector and a 

flame ionization detector (FID) with nitrogen as carrier gas with a flow of 25 mL/min, equipped with a 

DB-225ms phase capillary column (30 m length, internal diameter of 0.25 mm with fused-silica 

column coated with a 0.25 lm polyethylene glycol film) (Cat. #122-2932, J&W Scientific, Folson, CA, 

USA). Samples (3.0 uL) were injected using a 10.0 uL syringe and front detector temperature of 280 

°C. The carrier gas used was hydrogen at a flow-rate of 35 mL/min, an average velocity of 68 cm/s and 

a constant pressure of 17 p.s.i. Air flow was 375 mL/min. Initial temperature was 40 °C and was held 

for 1 min after injection, then from 40 °C to 165 °C at 8.25 °C/min, 165 °C to 192 °C at 3.75 °C/min, 

192 °C to 197 °C at 16.5 °C/min, 197 °C to 235 °C at 16.5 °C/min and held for 3 min, 235 °C to 240 

°C at 50 °C/min and held for 3.5 min. 

4.4.4  Data analysis 

Peak areas of the fatty acids were processed using Chem32 for Microsoft Windows software 

(version 1.18, Agilent Technologies Inc., Santa Clara, CA, USA). The fatty acid methyl ester profile of 

each sample was determined by comparison of the retention time of each FAME peak present in the 

sample with the retention time of FAME reference standards contained in the reference standard 

mixture GLC-461 (NuChek Prep, Inc., Elysian, Minnesota, USA). The standard GLC-461 allowed 

determination of C12–C24 chain length fatty acids. TAG 17:0 was included in each sample as the 

internal standard for quantification of fatty acids. Percentage of total fatty acid content was calculated 

as the ratio of individual FAME peak area to the sum of the all FAME peak areas, excluding the 

internal standard. The weight of each fatty acid was calculated by multiplying the amount of internal 

standard (IS) added by the ratio of FAME peak area to the internal standard peak area. These values 

were then divided by the dry cell biomass to yield milligrams of fatty acid per gram of dry yeast cells. 
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4.5     Results 

4.5.1 Cellular mass production varied under different conditions 

Cell biomass accumulation in culture conditions A (initial growth), B (nitrogen replete), and C 

(nitrogen deplete) are shown in (Table 4.2). 51 out of 69 yeast strains produced higher cellular mass 

when grown in culture condition B than those grown in culture conditions A and C. Yeasts that 

accumulated 5 g/L dry cellular mass in culture condition B, in comparison with culture conditions A 

and C are listed in Figure 4.2. The highest cell accumulation of 10.44 g/L was produced by 

Cryptococcus victoriae UCDFST 10-939 in Culture Condition B, a strain isolated from beetle larva gut 

in Sulawesi, Indonesia, and the lowest was Cr. wieringae UCDFST 05-544 in Culture Condition B, a 

strain isolated from Prunus cerasus nectar in Winters, California, USA.  

Two strains of the pink-color yeasts Rhodosporidium babjevae UCDFST 04-877   and 05-613 

were among the highest cellular mass producers (Figure 4.2). The range of dry cellular mass 

accumulation in culture condition A was 0.15–7.33 g/L culture, and 0.22–8.00 g/L in culture condition 

C. Yeast-like alga Protetecha aff. zopfii UCDFST 10-495 had the  lowest mass in culture condition A. 

On the other hand, two strains of the genus Rhodotorula (R. aurantica UCDFST 02-119 and R. colostri 

UCDFST 67-113), one strain of R. babjevae UCDFST 04-877, and one strain of Cryptococcus cf. 

uniguttulatus UCDFST 68-873, did not show any differences in their cellular mass production in 

culture conditions B and C (Table 4.2). Cell accumulations were relatively low, however the 

accumulation of cell dry weight per liter of culture is consistent with shake flask studies of oleaginous 

yeasts, which generally accumulate 5–10 g cells/L (Ageitos et al., 2011; Amaretti et al., 2010; Huang et 

al., 2013). Culture conditions for each species were not optimized in this study because high cell mass 

accumulation was not the objective. Future work will include growing the most promising of these 

strains in stirred, fed-batch fermenters, which would be expected to generate much higher cell biomass.  
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4.5.2  Neutral lipid production increased in nitrogen-starved medium 

Rattray et al. (1975) summarized observations that for a given yeast strain, the total yeast lipid 

content and the composition of cellular fatty acids are markedly influenced by variation of growth 

conditions, including the carbon source, C/N ratio, other nutrients, oxygen level, pH, and temperature. 

The current study confirms the impact of nitrogen depletion on lipid accumulation, and expands these 

observations to a broader variety of species. 

 Lipids such as diacyl- and triacylglycerides, free fatty acids, sterols, carotenoids, and 

phospholipids are found in both oleaginous and non-oleaginous yeasts (reviewed in Rattray, 1988). 

Oleaginous yeasts in addition accumulate significantly more TAG in intracellular lipid bodies 

(reviewed in Rattray, 1988; Rattray, 1975). Nitrogen starvation is known to trigger TAG accumulation 

in most oleaginous yeasts (Rattray, 1975; Rattray et al., 1988). One exception is Cryptococcus 

terricola, which can accumulate TAGs during logarithmic growth, before nitrogen depletion (Pederson, 

1961). This is a valuable property for industrial production, allowing shorter production times and lipid 

production in nitrogen-rich substrates. Equally high oil production under our culture conditions A and 

C would suggest that oil accumulation could occur during logarithmic growth. 

 For non-oleaginous yeasts, when nitrogen is depleted from the medium, protein production and 

growth stop, and carbon excess is diverted to form polysaccharides (Ageitos et al., 2011). For 

oleaginous yeast species, however, excess carbon is channeled into lipid bodies in the form of TAGs 

(Ageitos et al., 2011). In concurrence with these observations, for most strains analyzed in this study, 

higher lipid accumulation was observed following the depletion of nitrogen from the medium (culture 

condition C). It was also observed that high carbon media induced lipid accumulation. 

 For most yeasts tested in this study, highest lipid levels were obtained in cells grown under 

nitrogen starvation, represented by culture condition C (Table 4.2). More than 60% (43 out of 69 

strains) of the yeast strains tested in this medium accumulated intracellular lipids to greater than 20% of 
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their cellular dry weight, thus they are oleaginous by definition (C. Ratledge, 1979). The extractable 

lipids ranged from 8.81–65.32% of cell dry weight (%CDW). The strain that accumulated the least 

extractable lipids was Myxozyma cf. melibiosi UCDFST 76-318.3. In contrast, the strain that 

accumulated the most extractable lipids was R. babjevae UCDFST 05-775. After 3 days of growth 

(culture condition A), the range of lipid accumulation was 8.69–50.84% CDW, with 28 of these strains 

accumulating more than 20% lipid. Continuation of growth in medium containing nitrogen for two 

additional days (culture condition B) increased the total lipids in a few but not all oleaginous yeasts. 

Yeasts that can accumulate high levels of oil in 3 days rather than 5 days are more desirable for 

industrial scale production. 

4.5.3  Fatty acid proportions and profiles 

As was observed previously (Sitepu et al., 2012), the total lipid accumulation varied 

considerably among strains of the same species and the same phenomenon was verified in this study. 

For example, in culture condition C, R. glutinis UCDFST 06-542 produced almost three times more 

total lipids (58.05%) compared to R. glutinis UCDFST 50-309 (19.25%) (Figure 4.3). This underscores 

the importance of reporting the strain ID number in publications, and selecting strains with known oil 

accumulation abilities. 

While total lipid content can vary greatly within a species, overall fatty acid profiles have been 

shown to be quite consistent within a species if grown under consistent conditions, and in fact were 

used to identify and classify yeasts before ribosomal sequencing became affordable (Botha & Kock, 

1993). The major fatty acids in most of the yeast strains analyzed were oleic (18:1x9), palmitic (16:0), 

stearic (18:0), and linoleic (18:2x6) acids (Supplementary Tables 1 and 2). Minor fatty acids were 

lignoceric acid (24:0), palmitic (16:1x7), behenic acid  (22:0), myristic acid (14:0), -linolenic 

(18:3x3), and arachidic acids (20:0). Other fatty acids were observed in trace amounts (data not 

presented). This is in accordance with fatty acid profiles of yeast species as analyzed by other 
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researchers (Amaretti et al., 2010; Botha & Kock, 1993; Rattray et al., 1988). No novel or unusual fatty 

acids were detected.  

The effects of nitrogen source and levels on total lipids and on fatty acid profiles have been 

analyzed with varying results, depending on the yeast species being examined. For instance, in a study 

of 17 species of yeasts (Evans & Ratledge, 1984), lipid content varied little among most species grown 

in ammonium chloride, asparagine and glutamate; a nitrogen than on inorganic nitrogen. Cryptococcus 

albidus generated almost identical growth curves when grown in several nitrogen sources (Hansson & 

Dostálek, 1986). R. toruloides (formerly called Rhodotorula gracilis) produced highest lipids and 

biomass when grown in urea, and lipid productivity was higher in ammonium chloride than in 

ammonium sulfate (Husain & Hardin, 1952).  
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Figure 4.3 Comparison of fatty acid profiles of selected yeast strains grown in culture conditions A, B 

and C as determined by GC-FID, demonstrating intra- and inter-species variation, total lipid content of 

high and low lipid strains, and the effects of growth conditions on fatty acid profile of a given strain. A. 

Rhodotorula glutinis UCDFST 50-309 with lower (19.25%) lipid content and B. R. glutinis UCDFST 

06-542 with higher (58.05%) lipid content in culture condition C; C. Low lipid producer Myxozyma cf. 

melibiosi UCDFST 76-318.3 (8.81%) and D. Rhodotorula mucilaginosa UCDFST 78-548.1 (8.83%) in 

C. Myxozyma cf. melibiosi UCDFST 76-318.3 D. Rhodotorula mucilaginosa UCDFST 78-548.1 
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culture condition C; E and F. Two among the highest lipid producers Lipomyces lipofer UCDFST 78-

19T (51.33%) and Rhodosporidium babjevae UCDFST 05-775 (65.32%) in culture condition C.  
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 Further work is needed to determine whether ammonium chloride is the optimal nitrogen source 

for lipid productivity for each specific yeast isolate. However, regardless of the optimal nitrogen source 

identified in the laboratory, the nitrogen source for industrial production may be determined by the 

composition of the lignocellulosic hydrolysate to be utilized. For instance, ammonium is the dominant 

nitrogen source in AFEX-pretreated corn stover hydrolysate, in sufficient concentration to support 

yeast growth (Schwalbach et al., 2012). All known yeasts can utilize ammonium as a nitrogen source. 

For a given hydrolysate, an oleaginous yeast strain should be selected that can utilize the available 

nitrogen substrate for growth. 

 Varying the medium composition and incubation time affected the relative quantities of certain 

species of fatty acids. For example, the synthesis of linoleic acid (18:2x6) increased with nitrogen 

starvation and longer incubation time. This fatty acid species belongs to omega-6 fatty acid group that 

is an essential fatty acid that cannot be synthesized by humans or animals, but must be ingested for 

good health. Yeasts that are able to produce significant amounts of omega-6 fatty acids may be 

considered candidates for commercial production of this fatty acid for nutritional use. 

 The dominant fatty acid detected was oleic acid (18:1x9). This species of fatty acid as well as 

total low polyunsaturated content are two desirable properties of biodiesel. Out of 69 yeast strains 

tested, six strains produce fatty acids with the desired biodiesel properties including high cell biomass 

conversion, high lipid production, and the fatty acid profiles. These strains produced the highest levels 

of oleic acid (C18:1x9) in two different culture conditions, B and C (Table 4.3). Four of the highest 

strains belong to the same species, R. babjevae, in particular, strains UCDFST 04-877 grown in culture 

condition C and UCDFST 05-775 grown in culture condition B had the highest oleic acid content of 

62.92% (234.5 mg/ g cellular dry mass) and 61.40% (72.0 mg/g cellular dry mass), respectively. 
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4.6     Discussion 

4.6.1  Selection of yeast strains for their lipid content 

Prior observations of the major factors that affect cellular mass and cell lipid accumulation were 

supported and expanded by this study. First, as has been observed previously, different yeast species, 

and strains of those species, have significantly different capacity to accumulate high levels of 

intracellular TAGs (Rattray et al., 1988). Second, nitrogen limitation induced accumulation of more 

TAGs in most of the yeast strains tested in this study.  

Our results emphasized that lipid accumulation per cell dry weight cannot be used as the only 

consideration when selecting specific yeast strains for high lipid production applications. Other factors 

like cell biomass production must not be overlooked. For example, strain UCDFST 10-939 C. victoriae 

produced the highest cell biomass (8 g/L), but accumulated only 19.96% TAGs and could only produce 

1.60 g lipid/L culture. On the contrary, UCDFST 05-775 R. babjevae produced less than half the 

biomass of UCDFST 10-939 (3.33 g/L) but accumulated more than twice the TAGs (65.32%) and 

produced a higher overall lipid accumulation (2.18 g/L), which would generate less cellular waste 

byproduct after oil extraction, reducing disposal costs. 
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Table 4.3   Selected yeast strains that display potential properties for biodiesel purposes. 

 

Rank Species, UCDFST ID# Culture 

condition 

Total Lipid   

(g/L) 

Oleic acid 

(mg/g) 

Oleic acid  

(%) 

Saturates  

(%) 

Polyunsaturates  

(%) 

1 Rhodosporidium babjevae   04-877 C 2.92 234.5 62.92 27.35 5.24 

2 Rhodosporidium babjevae  05-775 B 2.58 72.0 61.40 33.46 2.97 

3 Rhodosporidium babjevae   05-613 B 2.03 87.0 59.79 32.67 2.40 

4 Rhodosporidium babjevae   05-736 C 1.92 154.9 57.46 27.00 10.76 

5 Rhodosporidium sphaerocarpum 68-43 C 1.79 114.7 52.86 31.97 13.68 

6 Cryptococcus  terreus 61-443 C 1.95 134.5 46.72 35.84 13.90 
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Optimization of growth conditions is expected to increase both cell and TAG yield when yeasts 

are grown on a specific substrate. For example, Zhu et al. (2008) recently optimized lipid production by 

Trichosporon fermentans. Starting with a broader palette of oleaginous yeast strain candidates will aid 

in development of industrial lipid production protocols. Parent strains can be selected with the best 

baseline properties such as utilization of carbohydrates present in biomass hydrolysates, tolerance of 

toxins and other stresses, growth temperature, ability to grow without supplemented vitamins, and 

other properties favorable for industrial fermentations. 

4.6.2  Discovery of new oleaginous yeast species and potential future work 

 Energy demand in the transportation sector is expected to continue to rise in coming decades. 

Biodiesel is currently one of the best available alternatives to petroleum, with plant oils currently in use 

and microbial oils in development (Atabani et al., 2012). Microalgae are currently the most visible 

target of microbial oil re- search, but oleaginous fungi and bacteria are also being studied. A limited 

number of oleaginous yeast species have been studied in depth (Meng et al., 2009; Rattray, 1975) most 

prominently Y. lipolytica, L. starkeyi, Cryptococcus curvatus, R. glutinis, and Trichosporon species. 

Many additional oleaginous species have been described over the years but not studied thoroughly. 

 A number of yeast species and strains not previously reported as oleaginous were discovered in 

this study and are highlighted in Table 3.2, including: Myxozyma melibiosi UCDFST 52-87 (floater), 

Kurtzmaniella cleridarum UCDFST 76-729.2 (floater), Cryptococcus aff. taibaiensis UCDFST 73-750 

(floater), Rhodotorula colostri UCDFST 67-113 (oleaginous relative), Hannaella aff. zeae UCDFST 

92-112 (floater), Tremella enchepala  UCDFST  68-887.2  (floater), Cr. oeirensis UCDFST 05-864 

(floater), Cr. terreus UCDFST 61-443 (floater), Cr. wieringae UCDFST 05-544 (floater), Trichosporon 

gue- hoae UCDFST 60-59 (floater), R. babjevae UCDFST 05-775 (floater, oleaginous relative), 04-877 

(floating species, oleaginous relative), 68-916.1 (floater, oleaginous relative), 05-736 (floater, 

oleaginous relative), and 05-613 (floater, oleaginous relative), R. sphaerocar- pum UCDFST 68-43 
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(floating species), and Prototheca aff. zopfii UCDFST 10-495 (floater). We recently reported new 

oleaginous species C. victoriae UCDFST 10-939, Cryptococcus ramirezgomezi- anus UCDFST 54-

11.224, R. diobovatum UCDFST  04-864  and  08-225, R. paludigenum UCDFST 09-163 and 82-

507.2, Rhodosporidium fluviale UCDFST 81-485.4 (Sitepu et al., 2012). Many of these new oleaginous 

species are basidiomycetes, which are typically capable of utilizing multiple carbon sources. 

Basidiomycetes are more likely than ascomycetes to be able to grow without supplemented vitamins, 

reducing processing costs. 

 We have demonstrated a high success rate of finding novel oleaginous yeasts based on 

buoyancy on 20% glycerol and taxonomic relatedness with the previously known oleaginous yeast 

species. Using these two selection criteria, we have discovered 18 new oleaginous yeast species in the 

last year (Sitepu et al., 2012); this work). These are a significant addition to the 40-plus previously 

known oleaginous yeast species discovered over the last 90 years of research on high-oil yeasts. This 

larger set of oleaginous species may make it easier for other researchers to discover novel oleaginous 

strains in the wild, based on habitat origin or buoyancy. 

 These new oleaginous yeast strains represent broad taxonomic diversity, and diversity of 

growth characteristics such as utilization of carbohydrates, growth temperatures, and fatty acid profiles. 

Table 4.2 lists the taxonomic placement of these yeasts. Many belong to highly polyphyletic genera 

such as Cryptococcus, Rhodotorula, and Candida. Our six new oleaginous species in the genus 

Cryptococcus are not closely related to each other; in fact, they reside in three different Orders. This 

inconsistency of yeast systematics is currently being resolved by yeast taxonomists. For example, a 

clade of former Cryptococcus species was recently placed in the new genus Hannaella (Wang & Bai, 

2008). These taxonomic changes emphasize the importance of citing a strain ID number in 

publications, as the species name may change, and of depositing strains with promising characteristics 

into public culture collections. The first two digits of the UCDFST strain ID number indicate the year 
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that the strain was deposited in the Phaff Yeast Culture Collection. This set of new oleaginous yeasts 

includes strains isolated and deposited within the last few years, as well as strains maintained for over 

seven decades, emphasizing the importance of long-term maintenance of biodiversity in biological 

culture collections for future research. Different levels of lipids accumulation observed in different 

strains within the same species emphasize the importance of screening multiple strains of the same 

species, for this or any other screening project. 

 In a search for enzymes and metabolites linking glucose to fatty acid synthesis in oleaginous 

yeasts, Ratledge and colleagues found that ATP:citrate lyase (ACL) is expressed in oleaginous yeasts, 

but not in non-oleaginous yeasts (Wynn & Ratledge, 2002). Citric acid is used as an acetyl-CoA donor 

for fatty acid synthesis in the cytoplasm in oleaginous yeasts, and ACL controls the flux of carbon into 

storage lipids (Botham & Ratledge, 1979). A recent comparative study of oleaginous and non-

oleaginous fungal genomes confirmed that genes for enzymes in the ACL pathway are found in the 

three oleaginous fungi but not the four non-oleaginous fungi studied (Vorapreeda et al., 2012). These 

types of studies may be supported and expanded in the near future when genome sequences of 

additional oleaginous yeasts are available. For example, the genome sequence of oleaginous strain R. 

toruloides MTCC457 was recently released (Kumar et al., 2012). Further study of metabolic pathways 

of additional oleaginous yeasts such as the many new oleaginous species identified in this study will 

help expand knowledge of the genetic components of oleaginicity. 

4.7  Conclusions 

This study revealed many additional novel oleaginous yeast species. After further analysis and 

strain development, some of these species may prove to be robust production strains for oil production, 

or as sources of superior genes for manipulation of lipid synthesis pathways in other industrial yeasts. 

The survey provided extensive preliminary information on the TAG accumulation and fatty acid 

profiles, and can be used to select yeasts for oleochemicals including biofuels, platform chemicals, and 
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nutritional oils. Further investigation is needed to study the ability of selected oleaginous strains to 

accumulate lipids under industrially relevant conditions. 
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Chapter 5 

Growth and Neutral Lipid Synthesis by Yarrowia lipolytica on Various Carbon Substrates Under 

Nutrient-Sufficient and Nutrient-Limited Conditions  

 

5.1 Preamble 

 The following work was original research completed by myself, including experimental design, 

yeast culturing, oil extraction, data analysis, and writing the manuscript. Garret Munch assisted with 

routine yeast culturing and reviewed the data prior to publication. This chapter was published in 

Bioresource Technology, volume 164, pages 41-46. 

5.2 Abstract 

Growth and TAG production by Y. lipolytica were compared for cells cultured in nitrogen-

complete medium containing waste glycerol derived from biodiesel production, as well as pure 

glycerol, dextrose, or canola oil as the carbon sources. Growth and TAG production were also analyzed 

for Y. lipolytica cells cultured in nitrogen-limited media containing either pure glycerol or glycerol plus 

dextrose. Significantly greater amounts of TAGs were synthesized by Y. lipolytica cultured in minimal 

media compared to rich media (approximately 3-fold on dry weight basis when grown on glycerol). 

Cultures in minimal medium containing glycerol yielded 31% TAGs on a dry cell weight (dcw) basis, 

while cultures in minimal medium containing glycerol plus dextrose produced 38% TAGs (dcw), with 

glycerol consumption favored over dextrose consumption. Our results suggest that Y. lipolytica could 

serve as a source of TAGs for biodiesel production using crude waste glycerol generated by biodiesel 

synthesis. 

5.3 Introduction 

 Production of single cell oils (SCOs) from microorganisms is a potentially viable method for 

generating fatty acids (FA) for use in biodiesel synthesis, and as pharmaceuticals and nutraceuticals. 
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While virtually all microbes produce FA, only a few produce and store large quantities. Strains that 

store more than 20% of their cell contents are considered oleaginous (Liu et al., 2009; Meesters et al., 

1996). Most of these FA are stored as triacylglycerides (TAGs) in neutral lipid bodies. Of all the 

applications that SCOs can be used for, biodiesel is of great interest due to government mandates for 

renewable fuels and the volatile cost of petroleum (Dragone et al., 2010).  

The scientific literature on the use of SCOs for biodiesel production is dominated by research 

on microalgae. Microalgae have the ability to utilize and sequester carbon dioxide (CO2) from the 

atmosphere or from industrial point-source emissions, which is regarded as a ‘free’ carbon source, and 

eliminates a substantial component of the culture medium. In contrast, reports on use of SCOs derived 

from oleaginous yeasts are few and scattered in the scientific literature. However, oleaginous yeasts 

typically produce FAs that are similar in composition and quantity to those synthesized by microalgae, 

but grow much faster and to much higher cell densities than microalgae. A recent study compared 

biomass and lipid production of four microalgae strains grown photoautotrophically, heterotrophically, 

and mixotrophically. Mixotrophically grown cells produced the best results with approximately 1.5 g L-

1 biomass and 30% lipid, when grown in light with 2 g L-1 glucose (Cheirsilp and Torpee, 2012).  Some 

strains of heterotrophic microalgae, like Chlorella protothecoides, have been grown to a density of 16.8 

g L-1 in batch culturing after 180 hours (Xiong et al., 2008).  

Several strains of yeast have also been investigated for their capacity to produce high 

concentrations of TAGs (Sitepu et al., 2013). Yeast strains like, Cryptococcus curvatus, can produce 

118 g L-1 in 50 hours (Meesters et al., 1996). Recently, a comprehensive screening of oleaginous yeasts 

was conducted to identify high TAG producing strains and to evaluate the relationship between 

substrate utilization, nitrogen concentration, and neutral lipid production (Sitepu et al., 2013). The 

oleaginous yeast, Yarrowia lipolytica, has been reported to synthesize and store greater quantities of 

TAGs when cultured in nitrogen-limited medium containing an excess of carbon substrate (Beopoulos 

et al., 2009; Beopoulos et al., 2008).  
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Generating SCO biodiesel has many technical and economic hurdles. The growth medium and 

substrate inputs are hypothesized to be the greatest costs (Huang et al., 2013). To make SCO more 

economically feasible, oleaginous yeasts have been cultured from a variety of low-cost feedstocks, 

such as biodiesel derived ‘waste’ glycerol, lignocellulosic hydrolysate and waste sugars, used fryer oils, 

waste sewage, and agricultural and food processing waste (Huang et al., 2013; Li et al., 2008; 

Papanikolaou & Aggelis, 2011; Tsigie et al., 2011). These waste streams provide carbon sources 

required for both biomass production and neutral lipid synthesis.  

We have investigated growth and TAG synthesis by Y. lipolytica in both rich (nitrogen-

complete) and minimal (nitrogen-limited) medium, with different carbon sources to determine if TAG 

accumulation by Y. lipolytica is truly dependent on low nitrogen concentration for all types of carbon 

sources. We report here on growth and lipid synthesis by Y. lipolytica cultured in nitrogen-complete 

medium containing glycerol, dextrose, or canola oil as the carbon sources. We also investigated growth 

and lipid synthesis by Y. lipolytica cultured on nitrogen-complete medium containing biodiesel-derived 

(“waste”) glycerol, and in nitrogen-limited (minimal) media with pure glycerol and mixed substrates 

containing glycerol and dextrose.  

5.4 Materials and Methods 

5.4.1 Yeast strain and culture conditions 

The yeast strain Yarrowia lipolytica ATCC 20460 was obtained from The American Type 

Culture Collection, and was maintained on YP with Glycerol agar plates (10 g L-1 yeast extract, 20 g L-

1 peptone, and 4% w/v glycerol). All carbon substrates, unless stated otherwise, were standardized in 

moles of carbon equivalents relating to 40 g L-1 dextrose (220 mM). Cultures grown in rich medium 

used YP media with 40 g L-1 dextrose, 440 mM glycerol, or 23.4 g L-1 canola oil. A control culture of 

YP- medium (containing only yeast extract and peptone) was examined for the effect of high-nitrogen 

concentration and the contribution of these nutrients to lipid synthesis.  
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Single colonies were inoculated into target media and grown overnight to generate a preculture. 

All precultures were harvested by centrifugation, the supernatant was decanted, and cells were washed 

in deionized water, centrifuged, and resuspended in deionized water before inoculation to eliminate 

carryover of the substrate and media components. Aliquots of the t=0 medium were taken prior to 

inoculation, while cell measurements were taken post inoculation. Experimental growth was carried out 

in 500 mL baffled Erlenmeyer flasks with 100 mL of autoclaved media, with an inoculum 

corresponding to an OD600 reading of 0.020. Flasks were shaken on a rotary incubator at 125 rpm at 30 

ºC. All cultures for each experimental condition were conducted in triplicate, using a sacrificial 

culturing methodology, with time points taken at 0, 24, 48, 72, 96, and 120 hours (hrs) post-inoculation 

(pi).  

 Additional culturing examined the use of industrial waste glycerol (REG80) as a substrate for 

SCO production (generously donated by The Renewable Energy Group, in Danville, Illinois). 

Biodiesel-derived “waste” glycerol was generated from the transesterification of triglycerides to 

produce fatty acids used in biodiesel production. REG80, which contained approximately 78-86% 

glycerol, 0.3% methanol, 6-13% water, 7% ash, and 1% fatty acids, was added to YP media to a carbon 

equivalent of 440 mM glycerol, and autoclaved. Minimal media was used to explore the effect of 

nitrogen limitation on lipid synthesis.  A modified minimal media, previously described by Zhou et al. 

2011 (Zhou et al., 2011), was used. Media contained 440 mM glycerol (Ameresco), 0.75 g L-1 yeast 

extract (Ameresco), 0.4 g L-1 KH2PO4 (Sigma) 1.5 g L-1 MgSO4 heptahydrate (Fisher), and 0.1 g L-1 

(NH4)2SO4 (Ameresco). 

 Cell mass was harvested by the centrifugation of 45 mL of culture at 4500 rpm (4190 x g) for 

10 minutes, using a Sorvall RC6 Plus centrifuge with a Sorvall SH-3000BK rotor (Thermo Scientific, 

USA).  The supernatant was decanted, and cells were washed with 20 mLs of deionized water, 

centrifuged, and water decanted. Cells grown in canola oil were harvested as other cells were, only 20 

mLs of hexane (Sigma) was used to wash the cells instead of water to remove residual oil from the cell 
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mass. All cell pellets and supernatants were stored at -80 ºC for later analyses. The cell pellets were 

dried in an oven at 60 ºC overnight and weighed to determine the dry cell weight (dcw). The culture 

supernatant pH was measured using a SympHony pH meter (VWR).  

5.4.2 Analytical methods 

Dextrose and glycerol levels were quantified by a Waters HPLC, using a 300mm x 7.8 mm 

HPX-87H Ion Exclusion column (Aminex) with 5 mM H2SO4 (Sigma) mobile phase. The supernatant 

was diluted with deionized water to prevent overloading of the column and produce clear peaks. A 

standard curve of dextrose and glycerol was generated by analyzing a dilution series (in deionized 

water) of each, ranging from 5 mM to 125 mM. Rates of substrate consumption were expressed in mM 

of substrate per 24 hrs, and were determined by adding a line of best fit with the slope denoting the 

rate. Data was processed using Breeze 2 software (Waters). 

 Ammonium concentrations in each sample were measured using a QuikChem 8500 Flow 

Injection Analyzer (Lachat Instruments). Deionized water was used to dilute the supernatants, keeping 

the ammonium within the linear-range of detection of the machine. Standards were created with 

reagent grade ammonia from 5.0 to 25.0 mg L-1 in accordance with standard operating procedures. Data 

was processed using Omnion software (Lachat Instruments).  

 A modified Bligh and Dyer method of extraction and transesterification of fatty acids, was done 

by boiling 10-20 mg samples of dried cell mass in 2 mL of 15% concentrated H2SO4 (Sigma) in 

methanol (Fisher) and 2 mL of chloroform (Fisher) in glass Pyrex tubes (Bligh and Dyer, 1959). An 

internal standard of methyl heptadecanoate (C17:0) (Nu-Chek Prep Inc, USA) was added to the 

chloroform for quantification. Samples were boiled for 6 hours and the organic layer was separated 

with 1 mL of deionized water. A 1 mL aliquot of the fatty acid methyl esters (FAMEs) in chloroform 

was extracted, and the solvent was evaporated under a nitrogen stream. FAMEs were resuspended in 

300 uL of hexane, and run on a Varian 450 GC with FID using a DB225MS column (30 m X 0.25 mm 

diameter X 0.25 m film thickness; Agilent Technologies Canada Inc.). While other fatty acids were 
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observed, only moieties that occurred in more than 2% total peak area were recorded. The percent lipid 

data was extrapolated from the total peak area, correlated to the internal standard. This reduced the total 

number of detected FAMEs and reduced the total mole fraction of neutral lipid, but did provide clearer 

peaks from chromatograms.  

5.5 Results and Discussion 

5.5.1 Biphasic growth in rich media  

Cells grown in YP medium achieved stationary phase in approximately 17-20 hrs when grown 

on pure glycerol or dextrose (data not shown). The initial pH of the cultures was 6.9 and 6.2 (YP 

Glycerol and YP Dextrose), respectively, but became acidic after the cells reached stationary phase 

(Figures 5.1A and 5.1B). No pH buffer was added to the growth medium, and the initial pH variance 

was caused by the substrate added and effects of high temperature during autoclaving. In contrast, 

cultures containing rich medium with canola oil as the carbon source did not drastically change the pH 

(Figure 5.1C). Studies with Rhodotorula glutinis found a pH of 4.0 optimal for lipid synthesis (Johnson 

et al., 1992). While pH could be a culture ‘stressor’ that stimulates lipid synthesis, like nutrient 

limitation, this was not explored in the current study. Biphasic growth was seen with both glycerol and 

dextrose grown cultures (Figure 5.1A and 5.1B). Glycerol fed cultures had a more defined increase in 

growth after being in stationary phase for 48 hrs. As the glycerol or dextrose was consumed, the 

peptone and yeast extract became the carbon source. This was surmised because as the substrate 

concentration was reduced, the pH increased rapidly, presumably due to the increase in ammonium 

concentration. The lipid quantities observed in rich media with glycerol or dextrose substrates were 

similar, ranging from 9 to 13% dcw at different points (Table 5.1). The sampling times were chosen to 

examine if increased time during stationary phase would increase lipid storage, but only a negligible 

increase in lipid accumulation was observed.  
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Table 5.1  Percentage of FAMEs by dry cell weight (dcw) of Y. lipolytica cultured in different culture 

media on various substrates at 24, 48, 72, 96, and 120 hours. All samples are in triplicate, averaged 

together, with ± as the standard deviation. 

 

Medium & Substrate 24 hrs. 48 hrs. 72 hrs. 96 hrs. 120 hrs. 

YP Glycerol 10.1 ± 0.5 12.0 ± 0.3 11.6 ± 0.4 13.2 ± 0.9 11.8 ± 0.9 

YP Dextrose 9.3 ± 0.2 11.6 ±0.9 9.1 ± 0.2 10.1 ± 0.9 7.8 ± 0.6 

YP Canola oil 17.3 ± 2.7 26.6 ± 0.8 26.8 ± 0.8 10.2 ± 0.9 9.0 ± 2.5 

YP - (no added carbon) 6.8 ± 1.7 10.2 ± 0.9 9.6 ± 1.4 9.3 ± 0.1 10.0 ± 0.5 

YP REG80 11.0 ± 0.9 11.6 ± 0.5 9.1 ± 0.2 10.1 ± 0.9 7.8 ± 0.6 

Min. - Glycerol 23.2 ± 2.6 31.4 ± 0.9 31.0 ± 1.4 32.8 ± 1.2 30.9 ± 1.3 

Min. - Glyc/Dex 20.9 ± 2.1 33.5 ± 1.9 38.9 ± 1.6 36.1 ± 1.3 38.3 ± 1.5 
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After five days, approximately 36% more biomass was produced when Y. lipolytica was grown 

on canola oil compared with glycerol grown cultures, while approximately 30% more biomass was 

produced when Y. lipolytica was grown on dextrose compared with glycerol. A control culture of YP-

medium was additionally examined (Figure 5.1D). With high nitrogen and no additional carbon 

substrate, cell mass and lipid were produced, but cells exhibited a hyphal morphology rather than the 

true yeast form. Cell mass achieved approximately 6 g L-1 after 72 hours with 10% lipid accumulation, 

showing that lipid synthesis in Y. lipolytica occurs even in nitrogen complete media (Tables 5.1 and 

5.2). Additionally it was observed that the pH was higher in the YP- media than any other condition, 

strengthening the assertion that the hydrolysis of peptides leads to a pH increase, and only small 

amounts of the peptone and yeast extract are being utilized in early stages of glycerol and dextrose 

grown cultures.  

 YP with Glycerol grown cells consumed all of the glycerol by day five at a rate of 88 mM per 

total culture volume of glycerol per day, and then switched to growth from the peptone and yeast 

extract (Figure 5.2A). Similar results were observed in dextrose grown cultures, with most dextrose 

consumed by day four, until complete exhaustion on day five with a rate of approximately 49.5 mM 

dextrose per day (Figure 5.2B). The glycerol was consumed nearly twice as fast as the dextrose, which 

is congruent with growth rates considering there are twice the moles carbon per mole of dextrose than 

per mole of glycerol. The substrate measurements for canola oil cultured cells were more difficult to 

measure, and the insolubility properties made homogenous sampling difficult. It was noted that even 

after five days of culturing some oil or free fatty acids remained.   

 Ammonium levels in the cultures ranged from 75 to 100 mg L-1 at t = 0 hrs, when the cultures 

were inoculated. A sharp increase in ammonium concentration occurred in the supernatant of cultures 

containing glycerol between days three to five, while a similar increase in ammonium concentration 

was observed in supernatant of cultures containing dextrose occurred between days four and five 
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(Figure 5.2A and 5.2B). In contrast, the supernantants of cultures containing canola oil showed a steady 

increase in ammonium concentration throughout the growth phase (Figure 5.2C). 
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Figure 5.2 Substrate and ammonium concentrations from Y. lipolytica cultured with different substrates. A) Glycerol (blue bars) and 

ammonium (blue line) concentrations from Y. lipolytica cultures with YP with Glycerol versus REG80 (green bars) and ammonium (green line) 

concentrations from Y. lipolytica cultures with REG80; B) Dextrose (blue bars) and ammonium (red line) concentrations from Y. lipolytica 

cultures with YP with Dextrose; C) ammonium concentrations from Y. lipolytica cultures with YP with Canola oil (red) versus YP- (blue), note 

substrate concentrations could not be measured, therefore are not presented; D) Glycerol (blue bars) and ammonium (red line) concentrations 

from Y. lipolytica cultures in Minimal media with glycerol; E) Glycerol (blue bars), dextrose (green bars) concentrations, and ammonium 

concentrations (red line) from Y. lipolytica cultures in Minimal media with mixed substrates (glycerol & dextrose).  
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5.4.2  REG80 biodiesel waste glycerol promotes growth and lipid production  

The original 440 mM pure glycerol (YP glycerol) was compared to biodiesel-derived “waste” 

glycerol (REG80) with the same starting weight (w/v), but the exact quantities of glycerol were slightly 

different. REG80 contains other impurities such as water, methanol, free fatty acids, and ash, and thus 

media made with REG80 contained only 343 mM glycerol (78% of the amount in media containing 

pure glycerol). REG80 was used as a substrate in YP media and was found to be not inhibitory to cell 

growth in Y. lipolytica (Figure 5.1A). Biomass production, glycerol consumption (73 mM glycerol per 

day), and lipid accumulation by Y. lipolytica cultures in medium containing REG80 were similar to 

those observed for Y. lipolytica cultures in medium containing pure glycerol (Figure 5.1A). However, 

the increase in biomass production in medium containing REG80 was accompanied by a decrease in 

total lipid accumulation at 120 hrs (Tables 5.1 and 5.2). This trend was also observed in dextrose grown 

cultures. The increase in cell mass accompanied by a reduction in lipid content suggests that the cells 

start to consume the lipid storage molecules to maintain cell growth after 120 hrs. While the medium 

containing REG80 contained 78% of the amount of glycerol in medium made with pure glycerol (343 

mM versus 440 mM, respectively), comparable amounts of biomass were produced by both cultures, 

and the substrate consumption rates were similar (Figure 5.2A). 
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Table 5.2  Weight of FAMEs (mg L-1) by dry cell weight (dcw) of Y. lipolytica cultured in different 

culture media on various substrates at 24, 48, 72, 96, and 120 hours. All samples are in triplicate, 

averaged together, with ± as the standard deviation. 

 

Medium & Substrate 24 hrs. 48 hrs. 72 hrs. 96 hrs. 120 hrs 

YP Glycerol 60.8 ± 2.6 76.7 ± 2.3 78.8 ± 4.8 111.7 ± 4.7 137.1 ± 5.6 

YP Dextrose 74.6 ± 2.2 109.6 ± 2.4 106.5 ± 3.4 142.4 ± 6.3 128.1 ± 2.1 

YP Canola oil 139.5 ± 3.5 344.0 ± 10.2 431.4 ± 10.2 182.0 ± 16.8 180.1 ± 10.4 

YP - (no added carbon) 31.5 ± 0.4 60.2 ± 5.1 57.0 ± 4.9 55.1 ± 3.2 59.2 ± 3.6 

YP REG80 69.8 ± 3.5 78.7 ± 7.5 68.8 ± 2.7 77.4 ± 5.7 96.2 ± 5.0 

Min. - Glycerol 70.4 ± 1.0 145.1 ± 3.5 157.2 ± 3.4 156.5 ± 8.2 150.4 ± 8.0 

Min. - Glyc/Dex 65.9 ± 2.7 151.9 ± 2.2 184.8 ± 4.0 176.8 ± 2.1 169.9 ± 2.5 
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5.4.3    Minimal media stimulates neutral lipid storage 

Y. lipolytica cells were grown in modified glycerol medium. Several minimal media were 

examined before experimentation, and the minimal medium reported by Zhao et al. (2011) was chosen 

because it had the least components and resulted in the highest lipid accumulation in our experimental 

conditions (data not shown). The total biomass accumulated and supernatant pHs were lower than rich 

media (as expected), as the total nitrogen available was significantly reduced (Figure 5.1E). The total 

lipid accumulation was approximately 31% dcw after 48 hrs, which was nearly triple that of rich media 

(Tables 5.1 and 5.2). Glycerol was consumed at a lower rate (55 mM per day) in the minimal medium 

compared with YP with Glycerol (rich medium) grown cells (88 mM per day) (Figure 5.2D). The 

ammonium concentration profiles of the two cultures were very different. Ammonium was consumed 

and concentrations decreased within 24 hrs in the minimal medium cultures. In YP with Glycerol 

cultures, however, ammonium was generated and concentrations increased as the substrate glycerol 

became limiting, and the yeast extract and peptone component of the medium were consumed.  

Our biomass production and lipid accumulation data are consistent with those reported by other 

researchers. In batch cultures with similar minimal media supplemented by 27.5 g L-1 glycerol, 

Rywinska and Rymowicz (2010) observed 4.68 g L-1 biomass production with lipid accumulation of 

22.3% with the Y. lipolytica Wratislavia AWG7 and Wratislavia 1.31 mutants. In continuous cultures 

of by other Y. lipolytica strains (ACA-DC 50109 and LGAM S71) with 50 g L-1 glycerol (pure and 

biodiesel derived ‘waste’ glycerol), lipid accumulation was 43 to 44% dcw by other Y. lipolytica strains 

(Papanikolaou and Aggelis, 2002; Papanikolaou and Aggelis, 2009). The total biomass accumulated 

was higher (8.1 g L-1), but five times of the quantity of ammonium sulfate was added (Papanikolaou 

and Aggelis, 2009). 
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5.4.4  Glycerol consumption is favored in mixed substrate minimal media 

Similar growth rates, biomass accumulation, ammonium consumption, and pH values were 

observed when Y. lipolytica cells were cultured in minimal medium with mixed substrate of 220 mM 

glycerol and 110 mM dextrose, compared with cultures in minimal medium containing either 440 mM 

glycerol or 220 mM dextrose (Figure 5.1F vs. 5.1A and 5.1B). Slightly more neutral lipid 

(approximately 38% dcw) was produced in the mixed substrate cultures than the pure 440 mM glycerol 

in minimal media (31% dcw) (Tables 5.1 and 5.2). Interestingly, Y. lipolytica displayed a preference for 

consumption of glycerol over dextrose. A similar substrate preference was reported with Y. lipolytica 

IBT 446, when cultured with a mixture of glycerol and dextrose for sugar alcohol synthesis, showing 

glycerol consumption favored over dextrose (Workman et al., 2013). With Y. lipolytica ATCC 20460, a 

small quantity of dextrose was utilized within the first 24 hrs, followed by exclusive consumption of 

glycerol until it was completely exhausted (Figure 5.2E). Glycerol was consumed at 52 mM per day in 

the minimal medium-mixed substrate cultures, which is similar to the rate of consumption in the 

minimal medium-glycerol only cultures. 
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5.4.5 Fatty acid composition 

The FA composition was similar, with minor variations, in Y. lipolytica cultured in both rich 

and minimal media, and with all carbon substrates (Figure 5.3A – 5.3G). The main species of FA were 

C16:0, C18:0, and C18:1 in all experiments performed, except the YP- control cultures, which 

contained more C18:2 FA than other cultures (Figure 5.3E). In all experiments, other fatty acids were 

detected in lower concentrations. While these species would have added to the total lipid quantities, 

they were not recorded as they were in low abundance. Only FA chains 2% or greater were recorded, 

thus the total lipid was actually higher. We surmised that the cells grown in YP with canola oil cells 

were not effectively washed of the substrate due to the FAMEs detected, as C18:2 occurred in high 

abundance compared to other cultures, then was returned to similar quantities by 96 hours (Figure 

5.3C).   

 We observed growth and TAG synthesis when Y. lipolytica was cultured with dextrose, pure 

glycerol, biodiesel-derived “waste” glycerol, and canola oil from multiple sources. Comparable 

biomass production, total lipid accumulation, and FA composition were seen with all substrates. Y. 

lipolytica behaved similarly with pure glycerol and biodiesel-derived REG80, with slightly better 

results for the “waste” glycerol.  

Rich media (YP) was used to simulate a carbon- and nitrogen-sufficient growth medium. 

Robust growth was seen in YP grown cultures, but lipid production was reduced. We surmise that the 

yeast extract and peptone contributed to the biomass production, as the cell growth was the highest in 

rich medium cultures and ammonium concentrations increased throughout the growth phase. YP- 

control medium cultures had a significant increase in pH within the first 24 hours. This demonstrates 

that the peptone and yeast extract are being hydrolyzed by the yeast and incorporating the peptides, 

while releasing ammonium into the culture media.  
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Figure 5.3  Lipid profiles from Y. lipolytica cultured with different media and carbon sources and at different time points. A) YP with Glycerol; B) YP with 

Dextrose; C) YP with Canola Oil; D) YP with REG80; E) YP- ; F) Minimal media with Glycerol; G) Minimal media with Glycerol and Dextrose. 
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 Our results with minimal medium cultures were consistent with the current paradigm that 

neutral lipid storage is stimulated by nutrient-limitation. While other minimal media were examined, a 

modified medium used by Zhou et al. (2011), was used to examine nitrogen-limited conditions (data 

not published). This medium contains dilute salts, nitrogen, and small amounts of yeast extract (which 

act as a source of micronutrients) that could be used in large-scale yeast cultivation. The growth and 

biomass accumulation in this media was less than achieved by Y. lipolytica cultured in rich media, but 

lipid accumulation was tripled. While ammonium concentrations did not reach zero, the quantities 

remaining in minimal media cultures ranged from 0.2 to 0.4 mg L-1.  An alternative to minimal media 

would be treated wastewater, which has been demonstrated previously for yeast SCO production (Chi 

et al., 2011; Hall et al., 2010).  

 Our data are consistent with those reported by other studies of Y. lipolytica cultured with 

biodiesel-derived waste glycerol. The present study evaluated multiple substrates, nitrogen levels, 

biomass productivities, and neutral lipid compositions. While others have independently studied these 

conditions, we examined all conditions simultaneously. This allows for a more comprehensive 

evaluation of the relationship of carbon and nitrogen sources and quantities, and their effect on single 

cell oil production.  

5.5 Conclusion 

 Our results suggest that Y. lipolytica could be developed as a source of single cell oil for 

biodiesel production using the “waste” crude glycerol generated by biodiesel synthesis. TAG synthesis 

was significantly higher under nitrogen-limiting conditions, but Y. lipolytica did synthesize and 

accumulate lipids when grown in rich media with all the carbon sources tested.  Further research is 

underway to optimize TAG production by Y. lipolytica, by defining the type and quantity of carbon, 

and the minimal amount of nitrogen, required to achieve the greatest cell biomass density and TAG 

accumulation.  
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Chapter 6 

Comparative Proteomic Analysis of Lipogenic and Non-lipogenic Growth Conditions  

at Different Time Points 

6.1  Preamble 

 The following is original research carried out by myself, including experimental design, yeast 

growth, protein extraction, data analysis, as well as writing the manuscript. Assistance with peptide 

cleaning and detection on the mass spectrum was done by Oleg Krokhin from the Department of 

Physics and Astronomy at the University of Manitoba. Additional assistance with data management, 

storage, and analysis was given by Victor Spicer, also with the Department of Physics and Astronomy. 

Currently this manuscript is under review for publication.   

6.2  Abstract 

While nutrient deprivation is known to stimulate lipid biosynthesis, the mechanisms have not been 

completely explained. Yarrowia lipolytica grown in rich media (RM) or nutrient-limited minimal 

media (MM) were observed to accumulate neutral lipids to 10% and 30% of dry cell weight (dcw), 

respectively. Total proteins extracted from cells collected during logarithmic and late stationary 

growth phases were analyzed by one-dimensional liquid chromatography, followed by mass 

spectroscopy (1D-LC/MS/MS). The resulting proteomes were examined by multiple methods and 

revealed vastly different expression levels of various proteins. A single enzyme, the ATP:citrate lyase, 

has been hypothesized as being the key to the oleaginous phenotype. The ATP:citrate lyase in Y. 

lipolytica was expressed at similar concentrations during both logarithmic and late stationary growth 

phases, but many enzymes upstream and downstream showed drastically different expression levels. 

Comparison of the Y. lipolytica proteomic data to those obtained from gene disruption studies of 

Saccharomyces cerevisiae revealed that essential enzymes in the lipid synthesis pathway of S. 

cerevisiae were not expressed in Y. lipolytica. 
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6.3 Introduction 

Microbially synthesized lipids (single cell oils) can be used for multiple applications in the 

nutracetuical, biofuel, and food industries (Sestric, et al., 2014; Sitepu et al., 2013, 2014; Zhang et al., 

2014). Both microalgae and some yeast species have the ability to produce fatty acid (FA) carbon 

chains typically ranging from 16 to 18 carbons in length, and in some cases even longer (Athanasios  

et al., 2009; El Menyawi et al., 2000). These FA can be saturated, or mono- and poly-unsaturated 

chains, depending on the species and growth conditions (El Menyawi et al., 2000; Sitepu et al., 2013). 

While yeast cannot photosynthesize like algae, they do have a rather robust capability to utilize a wide 

range of substrates, including sugars, oils, and organic acids, and have been demonstrated to grow 

from both pure and waste carbon substrates (Beopoulos et al., 2008; Sestric et al., 2014). Yeasts 

typically can grow to maximal density in fewer than 24 hours, and can be grown both aerobically and 

anaerobically.  “Oleaginous” yeasts have the ability to store an excess of 20% of their cell mass as 

neutral lipids, in the form of triacylglycerols (TAGs) (Thevenieau et al., 2009).  

Neutral lipid storage can be increased in yeasts in a variety of ways, but a high carbon to 

nitrogen ratio and nutrient depletion are two of the most common ways of stimulating lipid synthesis 

(Ratledge, 2002; Ratledge & Wynn, 2002; Sitepu et al., 2013; Wynn & Ratledge, 2005). While several 

approaches can result in the desired oleaginous phenotype, the mechanisms of oil synthesis and 

accumulation in yeasts are not completely understood. One current hypothesis is that the expression of 

ATP:citrate lyase allows oleaginous yeast to maximize the energy from the substrate it consumes 

(Beopoulos et al., 2009; Ratledge & Wynn, 2002; Tang & Chen, 2014). Glucose, for example, enters 

the cell and is transformed into two pyruvate molecules through a series of glycolytic reactions in the 

cytoplasm. Pyruvate then enters the mitochondria where it goes through the Krebs Cycle (also known 

as the Tricarboxylic acid or TCA cycle), making NADH and FADH2, while releasing CO2. As the 

pyruvate enters the TCA cycle, citrate is formed, and some of this citrate can be shuttled outside of the 

mitochondria into the cytoplasm, where ATP:citrate lyase cleaves citrate into oxaloacetate and an 
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acyl-unit. The two-carbon acyl molecules are used to synthesize FA chains (Boulton & Ratledge, 

1981; Zhang et al., 2014). This enzyme may also help regulate other enzymes in the TCA cycle. Using 

Aspergillus niger, a knockout of the gene encoding for the ATP:citrate lyase revealed a build-up of 

succinate (Meijer et al., 2009). Not all yeast species encode ATP:citrate lyase in their genomes. 

Saccharomyces cerevisiae, for example, does not encode this gene. Although S. cerevisae is not an 

oleaginous microbe, but can be stimulated to synthesize TAGs under nitrogen-deprivation conditions 

(Sandager et al., 2002).  

Our previous work (Sestric et al., 2014; Sitepu et al., 2013), as well as studies previously described 

in the literature (Li et al., 2007; Meesters et al., 1996; Papanikolaou & Aggelis, 2002), have established 

that nitrogen-limiting conditions stimulate lipid synthesis. Y. lipolytica has also been demonstrated to 

produce extracellular citrate, putatively produced and exported as described above (Heslot, 1990). 

From our previous studies, lipid synthesis by Y. lipolytica grown in nitrogen-rich media occurred 

during late-log and early- stationary growth phases, and resulted in the accumulation of TAGs to about 

10% of dry cell weight (dcw). When the cells are given only a small amount of nitrogen and an excess 

of carbon, they accumulate and store greater than 30% dcw lipid, and this occurs during logarithmic 

and several hours after the cells have reached stationary phase (Sestric et al. 2014).  

To gain a better understanding of the internal conditions required for increased lipid synthesis, 

comparative proteomic analyses were conducted with Y. lipolytica cells grown in glycerol containing 

media with either nitrogen-sufficient rich media (RM), or nitrogen-limited minimal media (MM). One-

dimensional liquid chromatography, followed by mass spectroscopy (1D-LC-MS-MS), was used to 

provide a ‘snapshot’ of proteins expression levels during logarithmic and late stationary growth phases. 

Y. lipolytica cells grown in RM were harvested during mid-log phase at 9 hours post-inoculation (h pi), 

while cells grown in MM were harvested during mid-log phase at 12 h pi. Cells grown in RM and MM 

were also harvested during stationary phase at 48 h pi, which assured that lipid synthesis was complete 

in both cultures.  
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6.4 Materials and Methods 

6.4.1  Yeast strain & cell growth 

The strain Y. lipolytica ATCC 20460, used in all experiments described in this work, was 

maintained on Yeast Peptone Glycerol (YPG) agar, cultured at 30 °C for 24 h until distinct colonies 

were observed, then stored at 4 °C until required. Single colonies were precultured from Yeast peptone 

(YP) agar media to 50 mL of liquid culture broth in 250 mL baffled Erlenmeyer flasks with the target 

media for overnight growth prior to analysis. YP media consisted of 20 g L-1 peptone (Sigma, St. 

Louis, MO), 10 g L-1 yeast extract (Amersco, Solon, OH), and 40 g L-1 glycerol (Amersco, Solon, OH), 

(YPG). Minimal media was prepared as described by Zhou et al. (2012), except that 64 g L-1 dextrose 

(glucose) was substituted with 40 g L-1 glycerol. 

Experiments were conducted with cells cultured in 500 mL baffled Erlenmeyer flasks on a 

rotary shaker at 30°C and 150 rpm, with 100 mL of YPG media. Cultures were inoculated with enough 

cells from the preculture to create an initial optical density (OD) reading of 0.02 at 600 nm. Growth 

kinetics were described earlier by Sestric et al. (2014). The cells in YPG media were harvested at 9 

hours for logarithmic phase cells, and at 48 hours for stationary phase cells. The minimal media cells 

were harvested at 12 hours for logarithmic phase, and the stationary phase cells were harvested also at 

48 hours.  

6.4.2 Protein extraction and peptide digest 

A 45 mL aliquot of each culture was harvested and subjected to a modified protein extraction 

method adapted from Gungormusler-Yilmaz et al. (2014). Briefly, cells were collected from each flask 

and centrifuged at 16,000 x g for 30 minutes. Cell pellets were resuspended in phosphate buffer (PBS) 

and then centrifuged three times, and the final cell pellets were frozen at -80 °C until required for 

protein extractions.  Cells were allows to thaw on ice, suspended in 25 mL of PBS, and a 500 uL 

aliquot was taken. Cells were pelleted by centrifugation for 2 minutes (min) at 16000 x g, decanted, and 

the cell pellets were suspended in 1.5 mL of lysis buffer (1% sodium dodecyl sulfate, 100 mM 
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dithiothreitol and 100 mM ammonium bicarbonate). Cells in the lysis buffer mixture were transferred 

to 8 mL glass tubes, which were then placed in a boiling water bath for 5 min. The cell suspension was 

then transferred to 2 mL Teflon tubes.  

Cell rupture was carried out by bead-beating with 20mg of glass beads in a rotary bead- beater 

with three, one-minute cycles. To separate cell debris from the proteins, the tubes were centrifuged at 

16000 x g for 20 minutes. The supernatants were transferred to new tubes, and stored at -80 oC for 

further analysis and trypsin digestion. Protein extracts were run on a 2 % polyacrylamide gel to access 

the quality of replicates produced before proceeding to trypsinization (data not shown).  

Protein concentrations were quantified by the Bicinchoninic acid (Pierce BCA) assay as per the 

manufacturer’s instructions (Thermo Scientific, Rockford, IL, #23225). A 20 uL aliquot of thawed 

lysate was added to 180 uL of ammonium bicarbonate and 20 uL of 500 mM iodoacetamide (Sigma, 

St. Louis, MO). After alkylation of proteins by iodoacetamide, the samples were treated with additional 

dithiothreitol, and further diluted with 150 ul of ammonium bicarbonate  buffer.  

Proteins were trypsinzed by the addition of sequencing grade trypsin in 1:50 (trypsin:protein) 

ratio, and samples were digested over night at 37°C. Samples were dried by ultra-centrifugation, 

rehydrated, and homogenized with 200 uL of 3M KCl, before centrifugation at 16000 x g for 30 min. 

The supernatant was removed, and the remaining peptides were diluted with 0.5% trifluroacetic acid. 

The peptides were cleaned on a C18 cartridge by HPLC, as described by Verbeke et al. (2014). 

Resulting proteins were used for 1D-LC-MS-MS analysis.  

6.4.3 Quantification and identification of peptides  

Mass spectrometry analysis was performed as described earlier (Verbeke et al., 2014). Proteins 

analyzed by 1D-LC/MS/MS were quantified by the total ion counts (TIC). All sequences were stored in 

Lobe, a secure internal server at the University of Manitoba. All data was plotted on a Log2 scale, 

therefore incremental log increases can be viewed as a doubling of the amount of protein detected.  
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6.4.4 in silico analysis of the data 

The genome sequences and analysis tools used were from the Joint Genome Institute’s (JGI) 

Integrated Microbial Genomes Expert Reviewer (IMG-ER) database (Markowitz et al., 2012).  Amino 

acid sequences from the Y. lipolytica CLIB 122 (NCBI taxon #284591) strain were used as a reference. 

The in silico pathways were created using the IMG-ER and KEGG databases to construct the E.C. 

numbers for each pathway, then the E.C. numbers were used to populate a pathway by searching for 

gene loci that encode for each enzyme. Many loci were collected to create these pathways, but not all 

the enzymes for each condition examined could be inserted into all pathways under consideration. The 

Clusters of Orthologous Genes (COG) categories and gene COG designations were referenced from the 

JGI database (Table 6.1). This is similar to Higher Order Variables (HOVs) or categories of functions 

grouped together by the overall cellular function they perform.  

In this work, a nomenclature short-cut was used for the different gene loci. The standard 

nomenclature for the gene loci contains YALI-X-00000, where the ‘X’ is the chromosome to which the 

gene belongs to, followed by 5 digits to denote the location on the chromosome (locus-tag). To reduce 

a significant amount of redundancy, the locus-tag was shortened to “X_00000”. Several genes within 

the Y. lipolytica CLIB 122 genome were not fully annotated, and are listed as ‘hypothetical proteins’. 

When these proteins were detected, the original hypothetical protein status was preserved, but if found 

to be similar to a gene in the genome of another organism in the NCBI database by manual curation, 

these genes were noted as the putative gene.  

6.5 Results 

6.5.1 Comparison of Y. lipolytica proteomes: Experimental approach 

Proteomes of Y. lipolytica cells grown in minimal media (MM) versus and rich media (RM) 

were compared through four different conditions:  1) cells grown in MM versus and RM in log- phase;  

2) cells grown in MM versus and RM in stationary phase; 3) cells grown in MM in log-phase versus 

cells grown in RM in stationary phase; and 4)  cells grown in MM in stationary phase versus cells 
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grown in RM in log-phase. The false discovery rate was determined using an internally designed 

algorithm based on a Monte-Carlo model of sampling. Each of these comparison provides a different 

“snap-shot” of protein expression levels related to the metabolism of Y. lipolytica and may provide 

deeper understanding the oleaginous phenotype. Comparing both cultures at the same physiological 

state (Conditions 1 and 2) can provide information about carbon flux related only to that phase of 

growth, while the cross-state comparisons (Conditions 3 and 4) are important because lipid synthesis in 

RM cultures was only active during the late logarithmic and early stationary phases. In addition, cross-

state comparisons were the most different in terms of the amounts and types of fatty acids produced by 

the cells, which suggests the greatest variation in the proteome. Condition 3 compared lipid synthesis in 

MM cultures as the cells approached late log-phase, while cells in RM cultures had completed lipid 

synthesis for more than 24 hours. In the opposite cross-state comparison (Condition 4), cells in MM 

cultures were in stationary phase and actively synthesized lipids between 24 and 48 h pi, while cells in 

RM cultures were in log-phase and synthesized minimal amounts of lipids.  

 All data was examined by four methods, and unless otherwise stated, each of these methods 

uses the entire data set for analysis: Method 1) each comparison was transformed to a log2 scale, and 

the data that produced a Signal to Noise (S:N) ratio that was > 2.8 with a 10% false discovery was 

collected, and then sorted by COGs (Table 2). Method 2) Data with high S:N ratios were analyzed for 

differential expression values (Pnet scores), > +1.96, and < -1.96 standard deviations (SD) from the 

mean of the two intra-replicate samples (Table 6.2). These values were deemed the most statistically 

relevant and technically sound in terms of instrumental noise, and also represented the outer most 5% 

of proteins up-regulated in one condition or the other; Method 3) Proteins that were unique to one 

culture condition, and were not found in the other condition, were identified (Table 6.3); and Method 4) 

The raw TIC values were examined for each of the four conditions for the top 25 most abundant 

proteins, with the two biological replicates of each sample being averaged together (Table 6.3). Four 
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main pathways were examined: glycolysis, pyruvate metabolism, the tricarboxylic acid cycle, and fatty 

acid biosynthesis. The Pnet value was recorded for each of the loci in the pathway (Figure 6.1).    

6.5.1.1  The significance of high signal to noise ratios and differential expression values 

Proteins with the highest S:N ratios and greatest differential expression values (Pnet scores) in 

are presented in a consolidated table for only MM cultures (Table 6.2). The values for RM cultures are 

presented in Supplementary Table S2. These proteins produced a S:N ratio > 2.8 (the predetermined 

cut-off value) with a 10% false discovery rate. These values also had a differential expression values 

(Pnet) of > 1.96 standard deviations or greater, and thus show higher expression levels in both log and 

stationary phase for the MM condition over the RM condition. In the interest of keeping these data 

condensed and concise, only the MM values were displayed for the four conditions.  

When comparing both cultures at logarithmic phase (Table 6.1), only two COG-C proteins and 

one COG-I proteins were detected. The two COG-C proteins were Aldehyde dehydrogenases, while the 

COG-I protein was a multifunction β-oxidation pathway protein. These Aldehyde dehydrogenases 

appear to mediate the conversion of acetaldehyde to acetate in the cytoplasm, generating NADH or 

NADPH in the process. This is important as NADPH is vital to lipid biosynthesis in building long 

chain FA from smaller subunits (Ratledge, 2002; Tehlivets et al., 2007).  The protein with the highest 

differential expression (Pnet) value was a general function enzyme, used in translation machinery. In 

the stationary phase comparison (Table 6.3), many of the up-regulated proteins belong to COG-X, and 

are not assigned a higher order variable category.  Some of the proteins found relate to cell wall 

functions, but most are classified as general cellular function proteins.  

In the cross growth state comparisons, MM Log-phase vs. RM Stationary phase and MM 

Stationary-phase vs. RM Log-phase, (Tables 6.4 and 6.5), fewer proteins were detected with high S:N 

ratios and higher differential expression (Pnet) values (> 1.96 SDs). No proteins related to lipid 

synthesis and energy conversion pathways were identified.  Several proteins detected in the previous 
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comparisons (logarithmic or stationary only comparisons) were again detected in high abundance, and 

many of them were related to the cell wall functions. 

6.5.1.2  Proteins of the highest signal to noise ratio sorted by COG families 

The initial comparison of minimal media (MM) vs. rich media (RM) cultures was made by 

looking at the differential expression (Pnet) values, followed by limiting the data to only proteins which 

produced a high S:N ratios > 2.8, with a 10% false discovery rate. Positive Pnet values relate to the 

MM condition, while negative Pnet values relate to the RM condition. The negative values do not relate 

to down-regulation, but only a higher Pnet value in the RM condition.   

Classification of proteins with high S:N ratios detected in the different culture conditions into 

COG categories revealed a number of proteins that were up-regulated in one condition or the other. 

Most COG categories were detected in at least one condition, and in all cases, the most represented 

COG was X (No HOV). During log-phase growth, 12 proteins in COG C (energy production and 

conservation) were detected, while only 7 in COG G (carbohydrate metabolism), and 3 in COG I (lipid 

transport and metabolism) were identified. The more active COGs for this condition were E (amino 

acid transport and metabolism) and R (general function). Similar trends were observed during 

stationary phase growth, but more COG I proteins were detected in RM cultures. Both COGs dealing 

with translation and post-translation modification (J and O) increased as cells transitioned from log- to 

stationary phase growth, as expected.  
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Table 6.1 List of COGs found in Y. lipolytica grown under four conditions. COGs are listed by Higher Order Variable (HOV) category for 

minimal media vs. rich media at logarithmic phase (Condition 1), minimal vs. rich at stationary phase (Condition 2), minimal media at 

logarithmic phase vs. rich media at stationary phase (Condition 3), and minimal media at stationary phase vs. rich media at logarithmic phase 

(Condition 4). For each group, the first number in the column is the number of proteins up-regulated in the tested condition (minimal or rich 

media). The numbers in the parentheses are the numbers of proteins up-regulated in that condition that were unique to that condition.   

COG 

Family 

                  Description Log 

MM 

Log 

RM 

Stat 

MM 

Stat 

RM 

Log 

MM 

Stat 

RM 

Stat 

MM 

Log RM 

A RNA processing and modification 0 1 0 1 0 (1) 1 0 1 

B Chromatin structure and dynamics 5 (2) 0 5 (1) 0 4 (1) 0 6 (1) 0 

C Energy production and conservation 11 (1) 16 7 (3) 32 (1) 3 (3) 30 (1) 6 (4) 12 

D Cell cycle control, cell division, chromosome partitioning 0 (1) 2 (1) 1 (5) 0 2 (2) 0 0 (2) 0 

E Amino acid transport and metabolism 13 (6) 10 (3) 11 (3) 14 (4) 13 (4) 12 (4) 6 (4) 8 (2) 

F Nucleotide transport and metabolism 2 (1) 3 (1) 5 (3) 2 2 (1) 6 3 (1) 0 

G Carbohydrate transport and metabolism 5 (2) 5 (1) 3 (2) 12 3 14 (1) 2 (1) 1 (1) 

H Coenzyme transport and metabolism 4 (2) 1 (3) 0 5 (2) 1 (2) 4 (3) 0 (3) 2 (1) 

I Lipid transport and metabolism 2 (1) 2 2 (2) 11 (1) 2 (1) 7 1 (2) 2 

J Translation, ribosomal structure and biogenesis 9 (2) 11 (4) 10 (1) 13 (3) 17 (1) 15 (8) 3 (2) 4 (4) 

K Transcription 1 (1) 0 4 (6) 2 (5) 2 (4) 1 (4) 0 (2) 0 (1) 

L Replication, recombination and repair 0 (1) 0 0 0 0 (1) 0 0 0 

M Cell wall, membrane, envelope biogenesis 4 (1) 0 1 (4) 2 1 (2) 3 (1) 1 (1) 0 (1) 

N Cell Motility 0 0 0 0 0 0 0 0 

O Posttranslational Modification, protein turnover, chaperones 6 (6) 15 (7) 13 (8) 17 (5) 6 (4) 14 (4) 4 (2) 11 (6) 

P Inorganic ion transport and metabolism 6 (3) 3 1 (5) 3 (1) 3 (5) 2 (1) 1 (1) 2 

Q Secondary metabolites biosynthesis, transport and catabolism 1 (1) 0 1 (3) 0 (1) 0 (2) 0 (1) 0 (2) 0 

R General function  13 (13) 11 (3) 20 (16) 16 (8) 15 (11) 16 (7) 9 (11) 9 (2) 

S Function unknown 0 1 (2) 2 (1) 1 (1) 0 (1) 1 (1) 1 (3) 0 (1) 

T Signal transduction mechanisms 0 0 (1) 2 (1) 0 (1) 0 0 (1) 1 0 

U Intracellular trafficking, secretion, and vesicular transport 3 (3) 0 2 (2) 0 (1) 1 (4) 0 (1) 1 0 

V Defense mechanisms 0 (2) 0 0 (1) 0 0 (2) 0 0 (1) 0 

X No HOV 21 (27) 30 (12) 36 (27) 19 (14) 33 (34) 18 (11) 11 (15) 18 (7) 

Y Nuclear structure 0 0 0 1 0 (1) 0 0 0 

Z Cytoskeleton 2 0 0 1 0 1 2 0 
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Table 6.2  Proteins with greater expression in log-phase MM cultures compared with log-phase RM cultures. Proteins listed had high signal 

to noise ratio (STAT0) > 2.8 and a differential expression (Pnet) value > 1.96. MM or RM values are the TIC values for that replicate. The 

Z0net and Z1net are the standard deviations from replicates in different conditions (MM and RM), while R0net and R1net represent the 

variability between intra-replicates (i.e. MM1 vs. MM2). STAT0 is the signal to noise ratio with a 10% false discovery rate.  

MM Log-phase vs. RM Log-phase           

COG locus locus-description MM1 MM2 RM1 RM2 Z0net Z1net R0net R1net Pnet STAT0 

R YALIC_07414 translation machinery  protein 20.38 21.16 16.23 15.91 2.68 2.94 0.28 -0.71 3.48 9.89 

P YALIF_16709 alkaline phosphatase 19.02 19.36 14.89 14.40 2.66 2.75 0.48 -0.12 3.47 14.67 

X YALIF_18282 cell wall mannoprotein 20.57 20.54 15.75 16.69 3.14 2.06 -1.19 0.37 3.01 5.72 

B YALIE_26477 histone H2A 21.63 21.50 17.67 17.36 2.55 2.24 0.27 0.51 3.00 11.16 

F YALIE_20625 uracil phosphoribosyltransferase 19.68 19.61 15.81 15.30 2.49 2.35 0.50 0.43 2.99 9.85 

H YALIF_08701 sterol 24-C-methyltransferase 18.75 18.67 14.74 12.83 2.58 3.31 2.13 0.44 2.96 3.66 

R YALIB_07359 nitrilase superfamily 18.88 19.04 15.61 15.37 2.08 1.94 0.19 0.12 2.65 24.02 

X YALIE_22374 aspartic protease 18.75 18.45 15.01 14.75 2.40 1.96 0.21 0.73 2.62 7.74 

X YALIB_20306 Pir1 protein  21.18 21.34 17.96 17.73 2.04 1.91 0.17 0.12 2.60 25.48 

R YALID_08162 GTP-binding protein 16.59 16.59 13.26 12.88 2.12 1.97 0.35 0.33 2.56 11.42 

I YALIE_15378 multifunctional beta-oxidation protein 18.77 18.99 15.63 15.01 1.99 2.14 0.63 0.04 2.51 8.78 

E YALIB_14014 hypothetical protein  19.96 20.89 16.97 15.81 1.88 2.83 1.26 -0.91 2.50 4.15 

P YALIE_12133 Cu, Zn superoxide dismutase 21.27 21.46 18.07 16.75 2.03 2.60 1.44 0.08 2.47 4.34 

C YALIF_04444 aldehyde dehydrogenase 18.02 18.37 14.60 14.98 2.18 1.77 -0.53 -0.13 2.45 9.76 

K YALIE_20977 aromatic amino acid aminotransferase 19.44 20.16 16.47 14.77 1.87 3.03 1.88 -0.63 2.45 3.41 

M YALID_08844 hypothetical protein  18.44 18.71 15.28 13.73 2.00 2.77 1.71 -0.03 2.45 3.79 

B YALIC_11385 histone H4 21.91 22.32 18.89 17.97 1.90 2.37 0.98 -0.21 2.44 5.75 

C YALIA_19448 aldehyde dehydrogenase 16.69 17.13 13.77 13.33 1.84 2.03 0.42 -0.25 2.41 10.64 

C YALIF_02013 hypothetical protein  20.24 20.14 16.71 16.99 2.25 1.62 -0.42 0.47 2.37 8.35 

B YALIF_18260 hypothetical protein  17.48 17.86 14.59 14.49 1.82 1.75 0.02 -0.17 2.36 27.99 

J YALIE_19701 SSU ribosomal protein S26E  19.14 19.33 16.17 15.37 1.87 2.13 0.84 0.08 2.32 6.37 

X YALIE_26455 histone H2B 23.00 23.36 18.41 20.11 2.98 1.68 -2.07 -0.15 2.26 3.13 

M YALIB_17996 assembly complementing factor 19.60 19.94 16.83 16.75 1.73 1.64 0.00 -0.12 2.25 37.69 

R YALIB_15268 aldo-keto reductase 17.63 17.62 13.76 14.62 2.49 1.52 -1.09 0.35 2.24 4.84 

E YALIA_21417 hypothetical protein 19.07 19.24 16.37 16.12 1.68 1.60 0.20 0.11 2.14 19.29 

X YALIE_20647 leucyl-tRNA synthetase 18.36 17.58 14.26 14.99 2.64 1.26 -0.94 1.37 1.99 3.34 

P YALIF_23551 hypothetical protein  17.96 18.39 14.47 15.43 2.23 1.50 -1.21 -0.24 1.98 4.13 
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In the cross growth state comparisons (MM logarithmic vs. RM stationary), greater numbers of 

proteins related to cell proliferation (COG categories B and D) were detected in younger cells (MM 

logarithmic), while the older cells (RM stationary) had more proteins related to energy production and 

carbohydrate metabolism (COG categories C and G). In the reverse comparison, the RM log-phase 

cultures still had more up-regulated proteins, but the MM stationary phase culture produced 4 unique 

proteins involved in energy production that were not detected in the RM log-phase cultures.. Also, this 

comparison displayed less variation than the others in terms of quantities of proteins up-regulated in one 

condition or the other.  

6.5.1.3 Enzymes unique to only one condition with S:N ratios > 2.8 

Proteins with a TIC in only one condition, and an S:N ratio > 2.8 are listed in Tables 6.6 and 6.7. 

The proteins without TIC values were either not expressed by the cell, not detected in the mass 

spectrum, or were below the threshold of detection. In some cases, proteins with TIC values and high 

S:N ratios were  detected in one culture condition, but not the other. For these proteins, the Pnet scores 

were omitted, as it is not possible to provide a differential expression value if there is only one value to 

compare. In addition to the proteins listed in Tables 6.6 and 6.7, several other proteins belonging to only 

to the RM condition were detected, but were omitted, due to space limitations.  

Several proteins were found unique to only the MM condition during the logarithmic growth 

phase, which produced a high S:N ratio. One protein, an Aldehyde dehydrogenase that produces 

NADPH was detected. Several proteins related to NADPH generation were detected in MM cultures. 

Two proteins from the COG-G were detected, a 1,3-β-glucosidase and the gene product encoded by 

YALID_11308, which shares homology with a ATP-dependent (S)-NAD(P)H-hydrate dehydratase 

(according to the Uniprot database). While the 1,3-β-glucosidase has been previously classified under 

the COG-G, it may be more related to COG-D (cell wall and cell division). In Uniprot, this is described 

more as breaking-down or remodeling the cell wall, and not necessarily for carbohydrate metabolism for 

energy production.  
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Another multifunctional β-oxidation pathway protein was also detected along with several 

general function and several COG-X proteins. It is possible that this enzyme (YALID_13002) along 

with the homolog YALIE_15378, detected with a high differential expression value is reflecting some 

need to breakdown the FA being produced. Alternately, the cell could be expressing this enzyme, 

keeping it ready for use as needed, should carbon become limited. Unlike the RM culture, the cells do 

not have access to large portion of both glycerol and protein. As stated earlier, these cultures are 

‘stressed’ by nitrogen-limitation. While the cultures do have carbon in the medium to catabolize, it is 

possible that some of the FA are being broken down for energy or building phospholipids.  

As in the logarithmic analysis, the stationary phase produced several COG-X and COG-R 

(general function) proteins. More COG-C proteins were found, containing an NADPH- dehydrogenase 

and an Aldehyde dehydrogenase. A Phosophofructokinase was detected, along with a hypothetical 

protein similar to a glycoside in S. cerevisiae (according to Uniprot), both belonging to COG-G 

(carbohydrate metabolism). Interestingly, another hypothetical protein belonging to COG-I was detected 

(encoded by YALIC_14520). This has similarity to a Monoglyceride lipase, also found in S. cerevisiae 

(Uniprot). This breaks down a mono-acyl glyceride into a FA and a glycerol. 
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Table 6.3  Proteins with greater expression in stationary-phase MM cultures compared with stationary-phase RM cultures. Proteins listed had high signal 

to noise ratio (STAT0) > 2.8 and a differential expression (Pnet) value > 1.96. MM or RM values are the TIC values for that replicate. The Z0net and 

Z1net are the standard deviations from replicates in different conditions (MM and RM), while R0net and R1net represent the variability between intra-

replicates (i.e. MM1 vs. MM2). STAT0 is the signal to noise ratio with a 10% false discovery rate. 

MM Stationary-phase vs. RM Stationary-phase           

COG locus locus-description MM1 MM2 RM1 RM2 Z0net Z1net R0net R1net Pnet STAT0 

X YALIC_17567 DNA damage responsive protein 18.96 19.75 14.26 13.56 2.95 3.63 0.33 -1.11 3.96 8.28 

X YALIF_24167 sporulation-specific protein 23.27 23.24 18.63 14.94 2.91 4.77 3.15 -0.08 3.90 3.63 

X YALIB_20306 Pir1 protein  22.07 22.27 17.66 16.44 2.79 3.44 0.82 -0.37 3.85 10.09 

X YALIB_08382 dipeptidyl aminopeptidase 16.67 16.82 12.25 12.52 2.80 2.62 -0.58 -0.30 3.39 12.03 

C YALIF_02013 hypothetical protein  22.90 22.54 19.39 18.02 2.31 2.74 0.96 0.34 2.98 7.21 

X YALID_10725 hypothetical protein  22.52 22.60 17.62 18.92 3.05 2.28 -1.56 -0.22 2.93 4.95 

X YALIA_17831 hypothetical protein  20.82 20.60 17.67 17.03 2.12 2.23 0.27 0.16 2.82 20.09 

X YALID_10835 aspartyl protease 19.86 19.18 16.22 15.84 2.38 2.10 0.03 0.75 2.71 8.67 

K YALIE_18051 TFIID subunit 16.46 16.95 13.51 13.14 2.01 2.35 0.02 -0.73 2.64 8.68 

X YALIF_04620 suppressor of disruption of tfiis 19.46 19.47 16.79 15.98 1.86 2.18 0.43 -0.13 2.56 13.07 

K YALIE_16294 transcriptional regulator 17.75 17.24 14.34 14.42 2.26 1.82 -0.41 0.53 2.48 8.87 

X YALIE_02134 hypothetical protein  18.47 18.52 15.33 15.67 2.11 1.84 -0.65 -0.18 2.38 8.51 

I YALID_13002 multifunctional beta-oxidation protein 17.92 18.00 15.53 14.46 1.71 2.21 0.68 -0.22 2.37 8.01 

X YALIA_10747 hypothetical protein  22.15 22.18 18.78 19.37 2.24 1.82 -0.89 -0.15 2.37 6.55 

B YALIC_11385 histone H4 21.96 21.78 19.42 17.72 1.79 2.49 1.27 0.11 2.36 4.93 

X YALIF_08327 zuotin 23.28 23.22 20.02 20.50 2.18 1.77 -0.78 -0.04 2.35 7.37 

X YALIB_02244 v-SNARE 19.63 20.32 17.40 15.94 1.63 2.66 1.05 -0.99 2.34 4.43 

O YALIB_10450 PPIase 19.94 20.36 15.94 17.29 2.57 1.96 -1.60 -0.65 2.31 3.84 

R YALIE_14366 protoplasts-secreted 17.93 17.14 14.92 13.82 2.04 2.09 0.71 0.89 2.28 5.26 

O YALIE_02310 hydroperoxide resistance protein 24.07 24.60 21.76 21.10 1.67 2.19 0.29 -0.78 2.27 6.78 

M YALID_08844 hypothetical protein  18.57 19.12 16.28 15.63 1.66 2.18 0.28 -0.81 2.24 6.55 

R YALID_07128 small GTP-binding protein 19.35 19.30 17.10 15.90 1.64 2.13 0.80 -0.05 2.22 6.87 

R YALIE_10175 aspartyl protease 18.46 18.44 14.35 15.86 2.63 1.69 -1.75 -0.09 2.19 3.66 

E YALIF_00506 L-glutamine synthetase 19.99 19.84 16.57 17.38 2.26 1.63 -1.09 0.08 2.17 5.22 

S YALIE_20141 hypothetical protein  18.40 18.47 16.28 13.86 1.57 2.78 1.95 -0.20 2.16 3.34 

E YALIB_19998 glutamate synthase (NADH) 18.69 18.50 16.42 14.89 1.65 2.25 1.11 0.13 2.16 5.12 

X YALID_11264 SSU ribosomal protein MRPS8  18.85 19.06 16.80 15.93 1.53 1.99 0.49 -0.38 2.13 8.30 
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R YALIB_15268 aldo-keto reductase 19.84 19.51 17.27 17.20 1.81 1.55 -0.26 0.30 2.12 12.30 

O YALIE_29601 methyl methanesulfonate sensitivity 18.18 18.16 15.23 15.75 2.01 1.60 -0.82 -0.09 2.10 6.38 

X YALID_07744 hypothetical protein  17.10 16.47 13.35 14.30 2.44 1.47 -1.23 0.68 2.09 4.15 

F YALIB_22924 dITPase 19.37 19.49 15.57 17.07 2.47 1.61 -1.75 -0.27 2.01 3.41 

U YALIE_13992 vacuole-related protein 18.40 18.70 16.14 16.12 1.64 1.69 -0.31 -0.49 2.00 8.32 

X YALIF_11077 hypothetical protein  20.18 20.54 17.64 17.96 1.79 1.69 -0.63 -0.57 1.98 5.94 
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Table 6.4  Proteins with greater expression in stationary-phase MM cultures compared with log-phase RM cultures. Proteins listed had high 

signal to noise ratio (STAT0) > 2.8 and a differential expression (Pnet) value > 1.96. MM or RM values are the TIC values for that replicate. 

The Z0net and Z1net are the standard deviations from replicates in different conditions (MM and RM), while R0net and R1net represent the 

variability between intra-replicates (i.e. MM1 vs. MM2). STAT0 is the signal to noise ratio with a 10% false discovery rate.  

 

 

MM Stationary-phase vs. RM Log-phase           

COG locus locus-description MM1 MM2 RM1 RM2 Z0net Z1net R0net R1net Pnet STAT0 

C YALIF_02013 hypothetical protein  22.90 22.54 16.71 16.99 3.61 3.23 -0.41 0.36 4.39 10.76 

P YALIF_16709 alkaline phosphatase 20.17 20.22 14.89 14.40 3.03 3.40 0.47 -0.17 4.14 11.04 

R YALIB_15268 aldo-keto reductase 19.84 19.51 13.76 14.62 3.54 2.80 -1.08 0.32 3.58 4.86 

F YALIE_20625 uracil phosphoribosyltransferase 20.95 20.33 15.81 15.30 2.94 2.89 0.49 0.69 3.42 5.90 

U YALIE_13992 vacuole-related protein  18.40 18.70 13.81 13.91 2.58 2.74 -0.21 -0.49 3.32 8.56 

X YALIB_20306 Pir1 protein  22.07 22.27 17.96 17.73 2.28 2.57 0.17 -0.36 3.11 10.46 

X YALIE_22374 aspartic protease 18.80 19.09 15.01 14.75 2.07 2.45 0.21 -0.47 2.78 7.55 

R YALIC_07414 translation machinery associated protein 20.09 19.79 16.23 15.91 2.12 2.15 0.28 0.28 2.69 9.24 

R YALIE_17479 chorismate mutase 19.54 19.61 15.69 15.89 2.11 2.05 -0.32 -0.19 2.63 9.58 

E YALIE_10175 aspartyl protease 18.46 18.44 15.08 14.91 1.81 1.92 0.10 -0.08 2.53 24.98 

B YALIF_18260 hypothetical protein  17.95 18.02 14.59 14.49 1.79 1.92 0.02 -0.19 2.47 16.65 

B YALIE_26477 histone H2A 21.05 21.30 17.67 17.36 1.81 2.19 0.26 -0.42 2.43 6.97 

X YALIF_04620 suppressor of disruption of tfiis 19.46 19.47 16.38 16.15 1.62 1.79 0.17 -0.12 2.24 14.06 

X YALIF_18282 cell wall mannoprotein 20.24 20.80 15.75 16.69 2.52 2.30 -1.17 -0.82 2.23 2.89 

R YALID_07128 small GTP-binding protein 19.35 19.30 16.38 16.32 1.54 1.57 -0.02 -0.04 2.16 59.61 

R YALID_08162 GTP-binding protein 16.92 16.29 13.26 12.88 1.99 1.85 0.34 0.71 2.07 4.18 

X YALIE_20647 leucyl-tRNA synthetase 18.20 18.28 14.26 14.99 2.17 1.77 -0.93 -0.21 2.01 3.56 
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6.5.1.4  Proteins in greatest abundance by TIC value 

Although the Y. lipolytica genome encodes 7,042 genes, only 6,520 encode for proteins 

(Thevenieau et al., 2009). In the MM log-phase culture, 925 different enzymes were detected, while 867 

proteins were detected in the RM log-phase culture. The total number of proteins detected in the 

stationary phase cultures were not much different: 967 proteins in the MM stationary phase cultures and 

863 proteins in the RM stationary phase cultures. The range of TIC values were from 24.22 to 12.06, 

while comparing the stationary phases the range was from 26.19 to 11.85. Of these, 25 proteins with the 

highest TIC values were recorded from each condition (Tables 6.8 and 6.9). During the logarithmic 

growth phase, only 3 proteins of the top 25 with the highest TIC values were detected in both conditions: 

Malate dehydrogenase; Heat shock protein 12, and the SSU ribosomal protein S10P. In stationary phase 

cultures, 11 of the 25 most abundant proteins were detected in both log-phase and stationary phase cells. 

Many of the enzymes identified in the log-phase cells were in COG-C (Energy Production and 

Conversion), COG-G (Carbohydrate Transport and Metabolism), and COG-I (Translation, Ribosomal 

Structure and Biogenesis). In stationary phase cultures, proteins in the COG-C, COG-G, and COG-O 

categories (Posttranslational Modification, Protein Turnover, and Chaperones, respectively) were in 

greater abundance.   

In the MM log-phase condition, two most abundant proteins were the α and β subunits of the 

Pyruvate dehydrogenase. This is relevant to lipid synthesis because pyruvate is oxidized to acetyl-CoA, 

which then goes into the TCA cycle and generates NADH. The Malate dehydrogenase, which oxidizes 

malate to form oxaloacetate, was also seen in great abundance. Both of these enzymes synthesize 

components (an acyl unit plus oxaloacetate) used to make citrate. After citrate is produced, the reversible 

Aconitase enzyme transforms citrate into isocitrate, and this enzyme is also highly expressed. All of 

these high abundance enzymes surround the citrate synthase and ATP:citrate lyase enzymes. These 

enzymes, especially ATP:citrate lyase, are central to fatty acid biosynthesis as they form the backbone of 

the fatty acid chain with acyl units. 
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During stationary phase, the two different cultures produced the same 11 of the top 25 proteins. 

This is not surprising as most of these high abundance proteins were related to the energy production 

and carbohydrate metabolism. A few worth mentioning were ATP synthases, Malate dehydrogenase 

(NAD) and Glyceraldehyde-3-phosphate dehydrogenase, which generate ATP and NADH. One other 

protein of mention was the citrate synthase was highly expressed in the RM culture at stationary phase. 

This subunit was always detected in both conditions, but higher in concentration in RM.  

6.5.2  Pairwise comparisons of the four different growth conditions 

The entire enzyme list with TIC values, inter- and intra-replicate statistics, signal to noise ratio, 

and differential expression value for the pathways of interest in each condition is listed in the 

Supplementary Table S3 and S4. A consolidated version of Pnet values and corresponding gene loci 

information is presented in a metabolic map for the glycolysis (Figure 6.1), pyruvate metabolism (Figure 

2), and TCA cycle (Figure 6.3) pathways.  

The high Pnet values of these central metabolism proteins suggests that Y. lipolytica cells are 

quickly respiring and generating ATP through the TCA cycle in the RM condition, while the response is 

slower in the MM condition. This is also seen in the biomass production, as the RM culture reaches 

stationary phase faster than the MM culture. An explanation for the increased fatty acid production in 

the MM culture could be that the ATP:citrate lyase is constantly expressed at moderate levels, but the 

MM culture increased the expression of enzymes forming oxaloacetate and acyl-units, which make 

citrate and then isocitrate. The synthesis of isocitrate and subsequent reactions could be rate-limiting 

steps, and the build-up of citrate could force this metabolite to be excreted from the mitochondria, where 

it is broken down and sent into fatty acid production. 
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Table 6.5  Proteins found only in log-phase MM and RM cultures. 

 
MM Log-phase vs. RM Log-phase    

HOV locus locus-description RME10 RME11 STAT0 

B YALIF_25905 histone H3 18.54 19.66 4.71 

B YALIF_02827 H2A.F/Z 17.84 18.66 5.21 

C YALID_07942 aldehyde dehydrogenase (acceptor) 17.37 17.69 29.82 

D YALIA_13299 pheromone response pathway suppressor 13.50 14.01 11.41 

E YALID_02453 hypothetical protein  21.04 21.38 76.52 

E YALIF_00506 L-glutamine synthetase 18.84 19.73 6.80 

E YALIB_21846 4-hydroxyphenylpyruvate dioxygenase 17.83 19.03 3.39 

E YALIB_19998 glutamate synthase (NADH) large subunit 17.52 18.04 8.69 

E YALIB_02838 dipeptidyl aminopeptidase B. 14.91 15.40 4.79 

E YALIE_14751 anthranilate synthase 14.16 14.72 6.79 

F YALIF_12529 V-ATPase V1 sector subunit B 17.07 16.95 3.75 

G YALIF_05390 Glucan 1, 3-beta-glucosidase precursor 18.29 18.98 7.86 

G YALID_11308 hypothetical protein  14.10 14.64 7.47 

H YALIA_02673 RNA splicing factor 17.18 17.80 5.34 

H YALID_08250 3,4-dihydroxy-2-butanone 4-phosphate synthase  16.49 17.01 3.70 

I YALID_13002 multifunctional beta-oxidation protein 16.94 17.13 22.85 

J YALIC_23991 ribonuclease, T2 family 17.23 17.35 13.46 

J YALIF_16401 amidase 16.55 17.06 4.07 

K YALIE_09196 RNA polymerase II elongation factor 12.47 12.83 39.44 

L YALIB_03960 nuclear mediator of apoptosis 12.76 13.24 17.16 

M YALID_18271 choline-phosphate cytidylyltransferase 15.08 15.21 9.39 

O YALIF_20416 chaperonin containing tcp-1 15.28 15.63 7.53 

O YALIB_03916 peptide methionine sulfoxide reductase 14.72 15.06 16.40 

O YALIC_03069 prion 14.51 14.94 9.52 

O YALIE_19448 thioredoxin peroxidase 14.24 15.14 2.80 

O YALIE_18117 reverses spt- phenotype 13.93 14.18 30.00 

O YALID_02871 ubiquitin-specific protease 13.81 13.85 13.61 

P YALIF_30987 catalase A 18.17 18.89 7.06 

P YALIE_11407 hypothetical protein  15.03 15.03 5.18 

P YALIE_16368 NADP-cytochrome P450 reductase 14.57 14.34 4.24 

Q YALIF_01320 cytochrome P450 alkane hydroxylase 2 18.57 19.05 15.97 

R YALIE_05467 hypothetical protein 17.88 18.28 18.25 

R YALID_01782 RNA polymerase A 13.51 14.19 6.76 

R YALIF_08481 protein translocase subunit sec61 beta  17.11 16.93 3.29 

R YALIF_06446 hypothetical protein  14.00 13.67 4.93 

R YALIF_22605 hypothetical protein  17.94 18.05 18.55 

R YALIE_19899 Ioc2p 17.64 18.10 11.74 

R YALIA_19536 hypothetical protein  17.21 17.08 4.05 

R YALIC_06325 autophagy-related protein 16.47 16.70 34.46 

R YALIB_21670 glyoxylate reductase 16.23 16.44 11.82 

R YALIE_31196 hypothetical protein  14.46 14.75 49.48 

R YALIE_29887 small GTP-binding protein 13.92 14.62 5.20 

R YALID_11132 hypothetical protein  13.91 14.09 39.23 

R YALIE_05907 hypothetical protein  13.64 14.17 10.08 
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U YALIB_10780 t-SNARE 18.22 18.49 138.72 

U YALIE_00594 suppressor of the null allele of cap 16.71 17.16 6.08 

U YALIC_22275 t-SNARE 15.14 15.66 3.07 

V YALIE_14234 hypothetical protein  16.27 16.41 4.07 

V YALIF_17996 hypothetical protein 13.94 14.54 6.73 

X YALIC_17545 hypothetical protein  20.99 20.87 17.80 

X YALIC_14938 hypothetical protein  20.80 21.64 11.62 

X YALIB_05654 Acid extracellular protease precursor  20.34 20.92 18.54 

X YALIF_24167 sporulation-specific protein 20.21 21.01 11.10 

X YALIB_00374 hypothetical protein  18.92 19.18 538.42 

X YALID_03245 mitochondrial elongation factor 18.46 17.97 4.05 

X YALIE_02024 nuclear pore complex subunit 18.45 17.87 3.54 

X YALIF_10549 aspartic protease 18.32 18.78 16.01 

X YALIC_05687 V-ATPase V1 sector subunit H 18.09 18.41 44.14 

X YALIE_11517 cell wall mannoprotein 17.77 18.07 48.32 

X YALIF_00264 hypothetical protein  17.75 17.56 5.02 

X YALIC_04092 peroxin 16.32 16.51 9.08 

X YALIA_20856 RNA-binding RNA annealing protein 15.75 15.95 3.83 

X YALIA_20878 RNA-binding RNA annealing protein 15.45 15.44 2.80 

X YALID_05313 translation initiation factor eIF3 subunit 15.24 15.46 28.88 

X YALIF_18964 peptide transporter 14.98 15.54 3.32 

X YALIE_19294 peptide transporter 14.48 14.96 7.39 

X YALIF_19690 sit4 protein phosphatase associated protein  14.41 14.36 7.08 

X YALIF_11099 vegetative interaction with Kar3p 14.40 14.60 37.78 

X YALIE_11913 IMP 5'-nucleotidase 14.39 14.77 14.84 

X YALIF_27643 bud emergence protein 14.15 14.76 5.78 

X YALIE_33363 aspartic protease 14.14 14.47 27.28 

X YALIC_11055 translation initiation factor eIF3 subunit 14.11 13.61 3.77 

X YALIF_07106 component of the SPS plasma membrane amino acid  14.00 13.78 5.89 

X YALIE_28853 hypothetical protein  13.88 14.87 3.04 

X YALID_13838 suppressor of clathrin deficiency 13.57 14.47 4.13 



 111 

Table 6.6  Proteins found only in stationary-phase MM and RM cultures. 

MM Stationary-phase vs. RM Stationary-phase    

B YALIF_25905 histone H3 18.81 18.97 13.23 

C YALIE_03212 D-lactate ferricytochrome c oxidoreductase 14.79 14.81 15.21 

C YALID_16247 NAPDH dehydrogenase isoform  15.68 15.52 10.06 

C YALIB_01298 hypothetical protein  17.17 16.74 2.93 

C YALID_16797 acireductone synthase  17.36 17.28 178.28 

C YALID_07942 aldehyde dehydrogenase 17.54 17.68 7.71 

C YALIE_16192 V-ATPase V1 sector subunit F 18.70 19.43 4.35 

D YALIF_14113 hypothetical protein  14.11 14.17 16.70 

D YALIF_27841 nuclear import-related protein 16.70 16.60 74.25 

D YALIA_19976 protein phosphatase type 2B 17.02 17.10 6.27 

D YALIE_15180 frequenin-like protein 17.65 17.50 27.38 

D YALIB_02772 resistant to rapamycin deletion 18.44 18.60 11.42 

E YALIB_00572 5,10-methylenetetrahydrofolate reductase  14.77 14.37 6.44 

E YALIE_28787 arylformamidase 17.78 18.18 4.56 

E YALID_02453 hypothetical protein  22.70 22.87 31.14 

F YALID_03069 glycinamide ribotide transformylase 15.30 15.16 24.45 

F YALIC_13354 thymidylate kinase 15.77 15.70 22.75 

F YALID_05797 adenine phosphoribosyltransferase 18.22 17.72 5.40 

G YALIE_17633 6-phosphofructo-2-kinase 14.40 14.78 4.20 

G YALIB_15510 hypothetical protein  17.52 17.68 6.94 

I YALIC_14520 hypothetical protein  16.71 16.58 14.59 

I YALIA_14388 methyl methanesulfonate sensitivity-related 17.21 17.26 9.18 

J YALIF_16401 amidase 13.60 13.09 8.35 

K YALIB_04840 hypothetical protein  13.25 13.06 36.13 

K YALID_25058 DNA polymerase delta binding protein 14.18 14.03 40.24 

K YALIF_18194 suppressor of sua7, gene 2 14.76 13.83 2.84 

K YALIB_14058 U6 snRNA-associated protein LSM5  15.53 15.54 7.69 

K YALIF_08459 U6 snRNA-associated protein LSM2  17.49 17.30 14.64 

K YALIE_27676 AC19 18.23 18.16 104.82 

M YALIB_09603 assembly polypeptide 14.04 14.63 3.36 

M YALID_11616 hypothetical protein  14.52 14.91 3.76 

M YALIB_17996 assembly complementing factor 18.97 18.01 3.33 

M YALIB_20328 D-amino acid N-acetyltransferase 19.63 20.09 8.20 

O YALIB_22638 SUMO-conjugating enzyme 13.26 13.60 7.90 

O YALIB_14597 ubiquitin isopeptidase 13.30 14.10 3.44 

O YALID_16335 hypothetical protein  13.45 13.97 5.00 

O YALIB_16368 AAA ATPase 15.81 15.60 5.04 

O YALID_07890 ubiquitin-conjugating 16.39 16.30 30.00 

O YALIC_05533 hypothetical protein  17.72 17.48 11.63 

O YALID_25740 hypothetical protein  17.73 17.74 18.61 

O YALIE_12081 ubiquitin-conjugating enzyme 18.61 18.58 47.09 

P YALIF_23023 hypothetical protein  13.93 14.46 3.97 

P YALIF_27665 3'(2')5'-bisphosphate nucleotidase 15.42 15.36 30.81 

P YALID_17380 hypothetical protein  16.44 16.37 12.16 

P YALIF_16709 alkaline phosphatase 20.17 20.22 34.70 
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P YALIE_12133 Cu, Zn superoxide dismutase 21.70 23.16 5.00 

Q YALIC_10604 hypothetical protein  14.64 14.25 7.10 

Q YALID_07282 ferro-O2-oxidoreductase 15.52 15.03 2.83 

Q YALIE_06457 hypothetical protein 17.25 17.37 6.56 

R YALIE_04829 COP9 signalosome (CSN) 13.74 12.94 4.95 

R YALID_01782 RNA polymerase A 13.93 13.14 4.66 

R YALIF_26785 suppressor of disruption of tfiis 14.07 13.43 5.43 

R YALIF_06446 hypothetical protein  14.48 14.13 8.87 

R YALIB_02706 nuclear pore complex subunit 14.60 14.16 6.37 

R YALID_13068 bud site selection protein 14.81 14.90 8.89 

R YALIA_15081 RNA polymerase C1-tetrahydrofolate synthase 15.02 14.42 3.55 

R YALIB_16566 hypothetical protein  15.11 15.14 10.82 

R YALIA_20295 2',3'-cyclic nucleotide 3'-phosphodiesterase 15.30 14.88 4.07 

R YALIB_22154 hypothetical protein  15.52 15.59 4.79 

R YALIA_14157 hypothetical protein  15.68 15.49 7.22 

R YALIF_07909 hypothetical RNA-binding protein 17.30 17.80 2.91 

R YALIF_25025 hypothetical protein  17.60 17.65 12.56 

R YALIE_04070 RSC complex member 18.08 18.30 8.08 

R YALIF_27181 small GTP-binding protein 18.47 18.04 7.55 

R YALIB_20900 cytoplasmic ankyrin-repeat containing protein  18.48 18.36 87.32 

S YALIB_18546 hypothetical protein  19.85 19.95 24.09 

T YALIE_32681 protein tyrosine phosphatase 16.62 16.59 8.51 

U YALIF_05456 sorting nexin 18.48 18.93 5.80 

U YALIB_10780 t-SNARE 18.80 19.73 3.76 

V YALIC_22748 nucleolar protein 13.96 14.44 4.30 

X YALIE_31288 binder of uso1 and grh1 13.14 13.79 4.52 

X YALIE_02002 hypothetical protein  13.42 13.35 144.91 

X YALIC_23188 hypothetical protein  13.74 13.24 8.06 

X YALIC_03718 hypothetical protein  14.02 13.91 114.99 

X YALIA_06809 hypothetical protein  14.19 14.26 15.14 

X YALIF_23991 protein phosphatase 1 inhibitor 14.21 14.05 35.29 

X YALIF_31295 hypothetical protein  14.24 14.42 8.45 

X YALIF_07843 ubiquitin regulatory X 14.31 14.83 3.28 

X YALIF_28061 SET domain-containing protein 14.58 14.29 10.87 

X YALID_26576 tRNA splicing endonuclease 14.71 14.88 6.51 

X YALIF_03949 Zinc finger motif protein 14.71 14.71 20.68 

X YALID_26840 RSC chromatin remodeling complex subunit 14.95 14.23 3.16 

X YALIC_17039 hypothetical protein  15.04 14.26 2.82 

X YALIF_19668 coupling of ubiquitin conjugation to ER 15.23 15.06 16.14 

X YALIF_12067 hypothetical protein 15.44 14.98 3.29 

X YALIE_23111 hypothetical protein  16.35 16.32 3.08 

X YALIC_06864 U3 snoRNP protein 16.77 16.89 3.83 

X YALIF_09812 hypothetical protein  17.24 17.61 3.38 

X YALIB_04950 hypothetical protein  17.43 17.73 4.49 

X YALIE_11517 cell wall mannoprotein 17.68 18.41 2.84 

X YALIF_00264 hypothetical protein  17.82 17.60 14.98 

X YALIF_22451 hypothetical protein  18.06 17.97 30.00 

X YALIE_22374 aspartic protease 18.80 19.09 8.98 
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X YALIB_05654 Acid extracellular protease precursor  18.81 18.67 66.43 

X YALIB_00528 cell division cycle-related protein 18.84 19.21 7.64 

X YALIC_05687 V-ATPase V1 sector subunit H 19.09 19.09 41.23 

X YALID_18744 hypothetical protein  19.66 19.76 22.89 

Y YALIE_13233 nuclear protein localization 15.16 14.45 2.82 
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Table 6.7 Top 25 most abundant proteins in log-phase MM and RM cultures (based on TIC values). Columns 1 and 7 are the COG 

categories; Asterisks in columns 2 and 8 denote that the protein was found in both MM and RM conditions for that growth state; Columns 3 

and 9 are the locus-tags for the genes that encode the proteins followed by the protein name; Columns 5 and 6 are the TIC values for the MM 

biological replicates; Columns 11 and 12 are the TIC values for the RM biological replicates. 

 

   MM Log-phase      RM Log-phase  

  Locus Locus Description M1 M2   Locus Locus Description R1 R2 

C * YALID_16753 malate dehydrogenase 23.38 23.20 O  YALIC_10230 PPIase 24.15 24.22 

X * YALID_20526 heat shock protein 12 23.34 23.53 F  YALIF_09229 nucleoside diphosphate kinase 23.65 23.88 

J * YALIE_20581 SSU ribosomal protein S10P 22.72 22.84 O  YALIB_15125 cTPxI 23.63 24.05 

T  YALIB_14377 14-3-3 protein 22.57 22.67 O  YALID_08184 stress-seventy subfamily A protein 23.58 23.48 

P  YALIB_22066 H(+)-ATPase 21.87 21.99 C  YALIB_03982 ATP synthase F1 subcomplex beta subunit 23.50 23.62 

J  YALIE_00550 LSU ribosomal protein 21.73 20.86 C * YALID_16753 malate dehydrogenase 23.35 22.80  

O  YALIC_07953 heat shock protein 90 21.58 22.33 G  YALIF_16819 Enolase 23.30 23.33 

R  YALIF_18590 aldo-keto reductase 21.52 21.86 G  YALIC_06369 glyceraldehyde-3-phosphate dehydrogenase 23.28 22.96 

C  YALIF_20702 pyruvate dehydrogenase alpha subunit 21.47 21.94 G  YALIF_15587 transaldolase 23.16 22.98 

C  YALIE_27005 pyruvate dehydrogenase beta subunit 21.39 21.45 J  YALIA_18205 SSU ribosomal protein S2P 23.12 22.21 

X  YALIF_08327 zuotin 21.34 21.85 C  YALIE_10144 cytochrome c oxidase subunit VI 22.86 22.54 

K  YALIB_12166 ylMBF1 21.25 21.38 R  YALIF_00682 heat-shock protein 22.82 23.16 

J  YALIB_12848 SSU ribosomal protein S9P 21.23 22.11 C  YALID_12584 ATP synthase F1 subcomplex 22.82 22.84 

R  YALIF_08613 ubiquinol-cytochrome c oxidoreductase  21.21 21.82 J  YALIC_09141 translation elongation factor 1A 22.81 22.31 

J  YALID_13882 LSU ribosomal protein L11P 21.20 21.48 X  YALIA_10747 hypothetical protein 22.76 22.90 

C  YALIA_17468 cytochrome c1 21.10 21.15 X  YALIE_27071 translation machinery associated protein 22.75 22.59 

J  YALIF_05803 SSU ribosomal protein S19P 21.03 21.69 E  YALIB_02178 aspartate aminotransferase 22.69 23.05 

R  YALIE_16753 xanthine phosphoribosyl transferase 21.02 20.85 J * YALIE_20581 SSU ribosomal protein S10P 22.65 22.40 

G  YALIE_06479 transketolase 21.01 20.88 X * YALID_20526 heat shock protein 12 22.61 23.14 

F  YALIB_00704 Adenylate kinase 20.84 20.62 C  YALIF_03179 ATP synthase F1 subcomplex a 22.60 22.45 

H  YALIF_11759 adenosylhomocysteinase 20.81 20.65 J  YALIF_05808 LSU ribosomal protein L12AE 22.48 22.93 

J  YALID_05753 SSU ribosomal protein S11P 20.80 21.83 J  YALIF_06160 SSU ribosomal protein S12E 22.46 23.13 

O  YALIA_19426 1-Cys peroxiredoxin 20.79 21.69 G  YALIF_05214 triosephosphate isomerase 22.45 22.74 

H  YALID_11330 NADH-cytochrome b5 reductase 20.79 21.04 J  YALIC_06886 translation initiation factor 5A precursor  22.43 22.46 

C  YALID_09361 aconitase 20.78 20.96 I  YALID_14850 acyl carrier protein 22.43 22.20 
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Citrate has been show to regulate Malate dehydrogenase activity as well (Gelpi et al. 1992), so 

the functionality of citrate could be via allosteric enzyme regulation, a biological intermediate, and/or 

the carbon pool. Both extracellular citrate secretion and fatty acid storage are two commonly seen 

phenotypes in Y. lipolytica (Barth & Gaillardin, 1997). In addition to ATP:citrate lyase, Citrate synthase 

is expressed at a constant level in RM culture, whereas expression of Citrate lyase increases in MM 

cultures. So, Y. lipolytica encodes and expresses two gene products capable of carrying out the same 

function, with one enzyme able to reverse the reaction.   

6.5.2.1  Minimal media vs. rich media at logarithmic phase 

Most of the enzymes involved in glycolysis have only minor differences in expression levels 

during the logarithmic growth phase of both MM and RM cultures, with only slightly higher levels of 

expression in the RM cultures. However, two exceptions were observed in RM cultures where, 

Phosphoglucomutase and Phosphoenolpyrvate carboxykinase were both highly up-regulated. 

Phosphoenolpyruvate carboxykinase converts oxaloacetate to phosphoenolpyruvate, which is then 

converted to pyruvate before the using it in the TCA cycle. 

As pyruvate concentrations increase, there is an increase in the expression of Pyruvate 

decarboxylase, which could result in increased concentrations of acetaldehyde. In the MM condition, 

there is an increase in the Aldehyde dehydrogenase acceptor enzymes that convert acetaldehyde to 

acetate and can either make an NADH or NADPH. Both conditions expressed the NAD+ variety, but the 

MM condition had a dramatic increase in one of the NADP+ dehydrogenases and a large quantity of the 

alternate one, which was not detected in the RM culture. This could be vital to understanding the 

difference between the end-product total lipid accumulation. The next enzyme in the pathway, Acetyl-

CoA synthetase, has very high and similar TIC values in each condition.  
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Table 6.8  Top 25 most abundant proteins in stationary-phase MM and RM cultures (based on TIC values). Columns 1 and 7 are the 

COG categories; Asterisks in columns 2 and 8 denote that the protein was found in both MM and RM conditions for that growth state; 

Columns 3 and 9 are the locus-tags for the genes that encode the proteins followed by the protein name; Columns 5 and 6 are the TIC 

values for the MM biological replicates; Columns 11 and 12 are the TIC values for the RM biological replicates. 

COG  Locus Locus Description M1 M2   Locus Locus Description R1 R2 

O * YALIB_15125 cTPxI 25.48 25.41 C * YALIB_

03982 

ATP synthase F1 subcomplex 

beta subunit  

26.19 25.59 

O  YALIE_02310 hydroperoxide resistance protein 24.07 24.6 G * YALIC_

06369 

glyceraldehyde-3-phosphate 

dehydrogenase 

25.61 25.45 

X * YALIC_11341 integral membrane protein with Pil1p 24.05 24.19 C * YALID_

16753 

malate dehydrogenase (NAD)  25.61 25.04 

X  YALID_20526 heat shock protein 12 23.94 24.23 G * YALIF_1

6819 

enolase 25.42 25.08 

G * YALIC_06369 glyceraldehyde-3-phosphate dehydrogenase 

(NAD+)  

23.84 23.93 O * YALIC_

10230 

PPIase 25.08 25.35 

G * YALIF_16819 enolase 23.96 23.78 G * YALIF_1

5587 

transaldolase 24.96 25.01 

F * YALIF_09229 nucleoside diphosphate kinase 23.84 23.9 E  YALIB_

02178 

aspartate aminotransferase  24.9 24.83 

O * YALIC_10230 PPIase 23.38 23.66 F * YALIF_0

9229 

nucleoside diphosphate kinase 25.1 24.57 

G * YALIF_15587 transaldolase 23.38 23.32 C  YALIF_0

3179 

ATP synthase F1 subcomplex 

alpha subunit  

25.18 24.49 

X  YALIF_24167 sporulation-specific protein 23.27 23.24 G  YALIB_

02728 

phosphoglycerate mutase 24.9 24.72 

X  YALIF_08327 zuotin 23.28 23.22 O  YALID_

08184 

stress-seventy subfamily A 

protein  

24.68 24.34 

J  YALIE_20581 SSU ribosomal protein S10P  22.94 23.49 G  YALIF_0

5214 

triosephosphate isomerase  24.56 24.16 

X  YALIE_26455 histone H2B 23.06 23.32 J * YALIC_

09141 

translation elongation factor 1A 

(EF-1A/EF-Tu)  

24.24 24.41 

C * YALIB_03982 ATP synthase F1 subcomplex beta subunit  23.29 22.98 G  YALIE_

26004 

fructose-bisphosphate aldolase  24.42 24.16 

T  YALIB_14377 14-3-3 protein 23.13 22.97 X  YALIF_1

7314 

porin ALIGN=639--SCY_04734  24.39 24.08 

G  YALIB_03564 cell wall endo-beta-1,3-glucanase 22.87 22.96 R  YALIF_0

8613 

ubiquinol-cytochrome c 

oxidoreductase complex  

24.26 24.18 

C * YALID_16753 malate dehydrogenase (NAD) 22.6 23 O * YALIB_

15125 

cTPxI  23.97 24.45 

E  YALID_02453 hypothetical protein  22.7 22.87 C  YALIE_

02684 

citrate synthase 23.96 23.89 

X  YALIE_27071 translation machinery associated protein 23.17 22.38 X * YALIC_

11341 

integral membrane protein 24.31 23.31 
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J * YALIC_09141 translation elongation factor 1A  23.06 22.4 O  YALIC_

03443 

N2-monomethylguanosine-

specific  

23.85 23.67 

C  YALIF_02013 hypothetical protein  22.9 22.54 J  YALIA_

18205 

SSU ribosomal protein S2P  23.62 23.9 

J  YALIB_12848 SSU ribosomal protein S9P  23.01 22.38 O  YALIA_

19426 

1-Cys peroxiredoxin 23.25 24.04 

C * YALID_12584 ATP synthase F1 subcomplex delta subunit  22.74 22.57 C * YALID_

12584 

ATP synthase F1 subcomplex 

delta subunit  

23.52 23.74 

C  YALIB_06831 F1F0 ATP synthase subunit d 22.67 22.49 Z  YALID_

08272 

Actin  23.88 23.3 

X  YALID_10725 hypothetical protein  22.52 22.6 J  YALIC_

06886 

translation initiation factor 5A 

precursor  

22.82 24.27 
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Figure 6.1  Map of the Glycolysis pathway with Pnet values for key pathway enzymes in log-phase MM cultures 

compared with stationary-phase RM cultures.  
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Figure 6.2  Map of the Pyruvate catabolism pathway with Pnet values for key pathway enzymes in log-

phase MM cultures compared with stationary-phase RM cultures. 
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Figure 6.3  Map of the Tricarboxylic Acid (TCA) pathway with Pnet values for key pathway enzymes 

in log-phase MM cultures compared with stationary-phase RM cultures. 
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The enzymes in the TCA cycle remain relatively consistent between the two conditions 

with some fluctuations, such as a slight increase in Fumarase in RM cultures, and an increase in 

the Malate synthase in the MM condition. This could be a slight increase in the use of the 

glyoxylate shunt over using the entire TCA cycle, which produces a succinate for other uses 

while still regenerating an oxaloacetate and acetyl-CoA. The cytoplasmic ATP:citrate lyase was 

detected in the MM cultures than the RM cultures (in terms of log TIC values about one log of 

subunit 1, and two logs of the subunit 2 were detected). Finally, the enzymes involved in FA 

biosynthesis are up-regulated slightly in MM over RM cultures.  

6.5.2.2  Minimal vs. rich at stationary phase 

Similar to the logarithmic growth phase, most of the enzymes in the pathways are 

expressed at higher levels in RM cultures. The main difference between the stationary and the 

log-phase comparisons are the increased Pnet and TIC values. The trend of increased enzyme 

expression values in RM cultures was similar as well. The Pnet values are higher in nearly every 

enzyme in the entire glycolytic and TCA pathways starting with the Glucose-6-P isomerase and 

ending in the fatty acid biosynthesis pathway. The only up-regulated proteins detected in MM 

cultures were Glucose-6-P-1-epimerase and the aldehyde dehydrogenases. The dehydrogenase 

encoded by D_07942 was not detected in either growth phase in RM cultures, but was detected 

in both log- and stationary phases of MM cultures. The dehydrogenase encoded by F_04444 was 

detected in both MM and RM log-phase cultures, but was not detected in the stationary phase of 

either condition. The dehydrogenase encoded B_01298 was only detected in the MM stationary 

phase cultures.  

In the TCA cycle, the enzymes in the pathway are all increased substantially in RM 

cultures.  Even enzymes that have lower Pnet values have an increase in value in stationary 
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phase compared to its log-phase Pnet. For example, the ATP:citrate lyases (D_24431 and 

E_34793) had Pnet values of 0.58 and 0.77 in MM log-phase cultures (meaning increased in 

minimal media), but had Pnet values of -0.11 and -0.46 in RM stationary phase cultures, showing 

that even though some values in the stationary-phase may be low, the total expression of the 

enzyme from log to stationary phase has increased. A similar sharp increase in the expression 

levels of enzymes in all points of the fatty acid biosynthesis pathway was also observed.  

6.5.2.3 Comparison of minimal logarithmic vs. rich stationary phases 

Higher Pnet values were detected for more enzymes in all pathways examined for cross-

state comparisons (Conditions 3 and 4). Starting at the Phosphoglycerate mutase (B_02728) and 

the proceeding enzymes through glycolysis, pyruvate metabolism, and the TCA cycle are up-

regulated in the RM conditions. The Triosephosphate isomerase has more expression than 

Conditions 1 and 2. This reversible reaction is most likely favoring conversion of dihydroxy-

acetone-phosphate to glyceraldehyde-3-phosphate, which enters into the rest of glycolysis and 

making NADH and ATP in the next reactions. The highest Pnet in these pathways was the 

Pyruvate decarboxylase at -4.11. The source data for this protein shows an averaged TIC score of 

16.01 for the MM culture and 22.39 for the RM culture. The RM stationary cells are expressing 

two different copies of Aldehyde dehydrogenases (NAD+), making more NADH, whereas the 

MM culture produced slightly less of this moiety and an additional NADP+ species. 

  In the TCA cycle and FA biosynthesis similar findings were seen as before where RM 

cultures produced roughly the same quantities of these enzymes or more than MM cultures. The 

E1 subunit of Isocitrate dehydrogenase (NAD+) had a value of -2.30. The Aldehyde 

dehydrogenase (D_07942) was only detected in the minimal media condition, and therefore has a 

high Pnet value. The difference in the Citrate synthase (E_00638) is less pronounced in the cross 
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growth state than the stationary vs. stationary comparison (Pnet -0.32 and -1.25). The 

ATP:citrate lyase interestingly had similar values for both enzymes when the MM culture was in 

logarithmic phase and the RM culture was in stationary phase. This enzyme appears to be always 

present in a relatively high concentration, and could just be a basal level enzyme always around 

to mitigate leftover pyruvate from the cell (in the form of citrate cleavage).  

6.5.2.4 Comparison of minimal stationary vs. rich logarithmic phases 

In Condition 4 there are similar trends being seen as with Conditions 1-3, with several 

proteins expressed at higher levels in RM log-phase cultures compared with MM stationary 

cultures. One enzyme, Phosphoglycerate mutase (D_09229), was only found in MM stationary 

cultures, and was not detected in the RM log-phase cultures. Both types of Aldehyde 

dehydrogenases were up-regulated in the MM stationary cultures. TCA cycle enzymes were 

expressed at higher levels in RM log-phase cultures, as seen in other conditions, but one of the 

subunits of the ATP:citrate lyase and the Malate synthase were expressed in greater amounts in 

the MM stationary cultures.  

The increased expression of the Malate synthase in MM cultures could show that the RM 

culture is producing more energy with the complete TCA cycle, and not using the Glyoxylate 

shunt as much as MM cultures. Greater detail on this pathway was described by Heslot (1990). 

This is also reinforced by the final enzymes of the cycle, within RM cultures, are expressed in 

greater in quantities after α-keto-gluterate until oxaloacetate is regenerated. As expected, the FA 

synthesizing enzymes are expressed higher in the late logarithmic RM culture as the FA is 

produced quickly in this stage.  
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6.6 Discussion 

6.6.1 ‘Omic analyses of Yarrowia lipolytica and Saccharomyces cerevisiae reveal differences in 

lipid synthesis pathways  

Several genes, enzymes, co-factors, regulatory mechanisms, and other factors are important 

for creating and storing fatty acids, and the following is only a subset of the important pathways 

and proteins that create the high-lipid storing phenotype. Our central hypothesis assumed that 

enzymes in the glycolysis, pyruvate metabolism, tricarboxylic acid cycle (TCA), and fatty acid 

biosynthesis pathways had the greatest effect on the oleaginous phenotype. To test this, we 

examined the proteome of two different growth conditions that yielded the vastly different end-

products: minimal media (high carbon and low nitrogen) and rich media (high carbon and high 

nitrogen). In minimal media, the culture rapidly consumes the nitrogen in the culture broth, and 

cannot continue to make new cells. These cells are still metabolically active and accumulate 

TAGs to approximately 30% dcw. In the rich media, the cells do not exhaust the nitrogen or the 

carbon, and accumulate TAGs to about 10% dcw. 

While examining the genome of Y. lipolytica CLIB 122 in the IMG-ER database, it was 

observed that the strain encodes two genes that produce enzymes that mediate conversion of 

citrate for synthesis of lipid synthesis precursors: a Citrate synthase and the ATP:citrate lyase. 

Citrate synthase converts oxaloacetate and an acetyl-CoA into citrate. In the cytoplasm, the 

ATP:citrate lyase can split a citrate into oxaloacetate and an acyl-unit. This acyl-unit is a two-

carbon molecule hypothesized to be the backbone of fatty acid chains. The presence of this gene 

is assumed as one of the key factors which make Y. lipolytica an oleaginous yeast (Boulton & 

Ratledge, 1981; Zhang et al., 2014).  



 125 

Genome analyses of the non-oleaginous yeast, S. cerevisiae (using tools within IMG-ER) 

revealed that S. cerevisiae does not encode an ATP:citrate lyase gene, but does encode the 

Citrate synthase. Sandager et al. (2002) found four enzymes were important for producing TAGs 

in S. cerevisiae: DGA1, ARE1, ARE2, and LRO1. These genes encode for Acyl-

CoA:diacylglycerol acyltransferace (DGA1), Acyl-CoA:sterol acyltransferases (ARE1 and ARE2) 

and a Phospholipid:diacylglycerol acyltransferase (LRO1). When these genes were disrupted in 

S. cerevisiae, TAG production was negatively affected, and the most deleterious effect came 

from disrupting the DGA1 gene (Sandager et al., 2002). Homologs of each enzyme are found Y. 

lipolytica: D_07986 (Acyl-CoA:diacylglycerol acyltransferace), F_06578 (Acyl-CoA:sterol 

acyltransferase), and E_16797 (Phospholipid:diacylglycerol acyltransferase). Interestingly, none 

of these enzymes were detected during the analysis in any condition or growth state. The 

conclusion form these observations is that while both yeasts have some similarities, they store 

lipids by different mechanisms.  

6.6.2 ‘Omic analyses of other oleaginous yeasts reveal variations in lipid synthesis mechanisms 

A proteomic study of Rhodosporidium toruloides cells cultured under nitrogen-limited 

versus nitrogen-rich conditions was reported by Liu et al. (2009), and the results were very 

similar to our observations for Y. lipolytica. From the 184 identified proteins, 46 were considered 

statistically relevant under growth conditions of high carbon to nitrogen ratio. This data set was 

limited, as a sequenced and annotated genome for Rh. toruloides was unavailable. Instead, Liu et 

al. (2009) queried the S. cerevisiae database for protein identification. In late stationary phase, 6 

proteins related to lipid biosynthesis were expressed greater levels under nitrogen-limited 

conditions compared with nitrogen-rich conditions. However, these up-regulated proteins were 

not part of the main lipid biosynthesis pathway (i.e. Fatty acid synthase I and II, 3-oxoacyl-
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reductase [FabG], and 3-oxoacyl- synthase [FabF]). ‘Energy production’ enzymes (such as 

mitochondrial-associated proteins and ATPases) were up-regulated under both nitrogen-limited 

and nitrogen-rich conditions, but Malate dehydrogenase was up-regulated only under nitrogen-

rich conditions. The proteomes of Y. lipolytica cultured under nitrogen-limited versus nitrogen-

rich conditions were consistent with these observations. 

Some differences in the proteomes of Rh. toruloides and Y. lipolytica cultures under 

nitrogen-limited versus nitrogen-rich conditions were observed. For example, Acetyl-CoA 

carboxylase was expressed higher in nitrogen-limited conditions compared with nitrogen-rich 

conditions in Rh. toruloides cells, whereas the opposite was observed in Y. lipolytica. In addition, 

expression levels of TCA cycle enzymes showed minor variations in Rh. toruloides cells under 

nitrogen-limited versus nitrogen-rich conditions, whereas we observed multiple subtle changes in 

TCA cycle enzyme expression levels in Y. lipolytica cultures under nitrogen-limited versus 

nitrogen-rich conditions.  

The transcriptome of Y. lipolytica was examined under similar biomass accumulating and 

lipogenic conditions by Morin et al. (2011). Several similarities between the transcriptome 

reported by Morin et al (2011) and our proteome were observed, and Morin asserted that carbon 

flux towards citrate synthesis was favored. In both data sets many transcripts (Morin et al., 2011) 

and enzymes (at the COG level) were up- and down-regulated, with no trends seen in the 

conditions tested. Transcription levels of Isocitrate lyase did not change significantly in either the 

biomass accumulating and late stationary late lipogenic phases in Rh. Toruloides (Morin et al., 

2011). Protein expression levels of Isocitrate lyase also did not change significantly in Y. 

lipolytica in log-phase MM cultures compared with stationary-phase RM cultures (Figure 6.3). 

Transcription levels of Glycerol-3-phosphate dehydrogenase and Glucose-6-phosphate isomerase 



 127 

in Rh. toruloides were slightly up-regulated in the biomass accumulating phase (similar to the Y. 

lipolytica RM log-phase condition) compared with the lipogenic phase (similar to the Y. 

lipolytica MM stationary condition) when TAG synthesis was active (Figure 1). The Y. lipolytica 

proteome data was also consistent with Morin et al. (2011), who also observed that glycolysis 

was repressed under nitrogen-limited conditions (Figure 6.1). One of the major observations 

reported by Morin et al (2011) was that expression of the ATP:citrate lyase, Malic enzyme, and 

Isocitrate dehydrogenase genes were not transcriptionally regulated. In Y. lipolytica, expression 

levels of these three enzymes did not appear to be regulated at the protein level either, as these 

enzymes were detected in all conditions tested and with similar TIC values to other enzymes 

involved with the TCA cycle.  

Additional proteomes of oleaginous yeasts have recently become available. In Lipomyces 

starkeyi grown under nitrogen-limited conditions, during active lipid synthesis, glycolytic 

enzymes, such as Phosphoglycerate kinase, were down-regulated, while enzymes involved with 

carbohydrate and protein metabolism were up-regulated (Liu et al., 2011). This was also 

observed in Y. lipolytica under equivalent (active lipid synthesis; nitrogen-limited) conditions. In 

the fatty acid biosynthesis pathway, Acetyl-CoA carboxylase was highly expressed in L. starkeyi 

during stationary-phase, whereas this enzyme was up-regulated in Y. lipolytica only in MM 

during log-phase. 

Cryptococcus albidus and Rh. toruloides were compared side-by-side with S. cerevisiae 

by Shi et al. (2013), who observed down-regulation of most of the enzymes in glycolysis and 

certain TCA cycle enzymes, including Isocitrate dehydrogenase, Malate dehydrogenase, Citrate 

synthase, and Isocitrate lyase in nitrogen limited media. This is similar to our observations in Y. 

lipolytica, where TCA cycle enzymes were down-regulated with a concomitant increase in 
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expression levels of NADPH forming enzymes. Shi et al. (2013) also observed elevated 

expression levels of a number of stress response proteins, suggesting that lipid synthesis could be 

a response to oxidative stress.  

Shi et al. (2013) noted that citrate negatively inhibits 6-Phosphofructokinase. If this is 

true, then we hypothesize that the ATP:citrate lyase could act as a mediator between the TCA 

cycle and glycolysis in a series of interrelated reactions. A ‘multi-omic’ analysis by Zhu et al. 

(2013) asserted that citrate accumulates in the mitochondria as a result in decreased enzymatic 

activity by AMP deaminase and Isocitrate dehydrogenase. Isocitrate dehydrogenase is dependent 

on the adenosine monophosphate (AMP) pool, generated by AMP deaminase. Under nitrogen-

limiting conditions, AMP deaminase activity was reduced, putatively because Isocitrate 

dehydrogenase activity was regulated by the synthesis of AMP by the AMP deaminase. The 

reduced activity of the Isocitrate dehydrogenase putatively results in accumulation of citrate in 

the mitochondria. The excess citrate is then exported out of the mitochondria, where it negatively 

regulates 6-Phosphofructokinase, thus preventing the accumulation of pyruvate in the cytosol, 

before it enters the mitochondria. The ATP:citrate lyase could be acting as a regulator for the 

speed of the TCA cycle, or preventing down-regulation of glycolysis by preventing an excess of 

citrate building up in the mitochondria.  

6.7  Conclusions 

Our central hypothesis was that the ATP:citrate lyase was the key driver in lipid synthesis, 

and that protein expressed under conditions of active lipid synthesis (MM log-phase cultures) 

would have higher TIC values than proteins expressed under conditions of minimal lipid 

synthesis (RM stationary cultures). However, more subtle differences in protein expression 

levels were observed in MM cultures, and in many cases, higher levels of protein expression 
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were observed in RM cultures. The ATP:citrate lyase was detected in all fractions, which 

suggests that the enzyme is constitutively expressed so that it is always available to covert citrate 

that flows from the mitochondria. This enzyme, while still a driving mechanism for lipid 

synthesis, possibly has a more passive role, while the enzymes surrounding the citrate metabolite 

(Citrate synthase, Aconitase, Malate dehydrogenase, and Pyruvate dehydrogenase) may a have 

more of a role in the regulation of lipid synthesis. These enzymes showed greater expression 

levels than the ATP:citrate lyase, and arguably have a more important role in ATP and NADH 

production. While the growth conditions investigated were chosen because of differences in lipid 

synthesis activity, it is possible that the overall metabolic conditions in the cells were not so 

different. Many of the same proteins were detected in each of the four conditions tested, but the 

levels of expression varied. While several other proteins were up regulated significantly, no 

direct relation to lipid biosynthesis was detected, a view also shared by Shi et al. (2013). 

However, it is important to document all factor for the conditions tested in hopes of building a 

greater picture of yeast metabolism under lipid synthesis conditions.  

Finally, the enzymes proposed earlier by Sandager et al. (2002) to be vital for TAG 

synthesis in S. cerevisiae were not expressed in Y. lipolytica. While the genome of Y. lipolytica 

encodes homologs of the S. cerevisiae genes, the gene products were not detected. While many 

enzymes involved with lipid biosynthesis in S. cerevisiae and Y. lipolytica are similar (Fatty acid 

synthase I and II), they have vastly different levels of TAG accumulations. Thus, we may 

conclude that the mechanisms of TAG synthesis and accumulation in Y. lipolytica are different 

from those of S. cerevisiae, and that FA production and TAG storage may be regulated by 

mechanisms up-stream of the FA biosynthesis pathways in Y. lipolytica. 
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Chapter 7 

Conclusions and Future Work 

7.1  Overview and Discussion of Findings 

 Microbial cultures able to synthesize Single Cell Oils have the potential to offset 

petroleum usage for transportation fuels. Several oleaginous algae and yeast have demonstrated 

robust growth and production of lipids from a variety of carbon sources such as, CO2, glycerol, 

and hydrolyzed sugars for agricultural waste. Growing biomass from low-cost substrates reduces 

the production costs of fuel, and does not compromise biomass accumulation or lipid 

composition.  

 Chapter 2 is an overview of the literature pertaining to Single Cell Oils (SCO) and 

biodiesel production for transportation fuels. Strains of microalgae and yeast are both capable of 

producing neutral lipid for biodiesel. Several strains were reviewed for their potential as 

candidate strain for future research. The types of fatty acids synthesized by microbes were 

examined, as well as the culturing reactors and strategies for large-scale growth. Limitations and 

areas of opportunity were assessed for future work with both types of SCO producers. 

Microalgal lipid has the attention of multiple research institutions for generating a 

replacement for canola- and soybean-based biodiesel. Therefore, it is important to evaluate lipid 

production from high lipid producing microorganisms. Our research goal was to create a 

platform for future research in SCO for biodiesel, but culturing the microbe in heterotrophic 

conditions. Regardless of seasonality or region-specific conditions such as light and outdoor 

temperature, the microbe could be cultured year round without interruption. In Chapter 3, 

Chlamydomonas reinhardtii BAFJ5, a ‘starchless’ mutant strain that is blocked for synthesis of 

internal starch granules, was evaluated for neutral lipid production under nitrogen-limited 
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conditions. Excess carbon in this mutant is directed to fatty acid biosynthesis. Our hypothesis in 

Chapter 3 was that C. reinhardtii BAFJ5 could grow heterotrophically and produce TAGs, which 

had previously been unsuccessful (Li et al. 2010). Growth kinetic studies examined biomass 

production and lipid synthesis in both mixotrophic and heterotreophic conditions, and TAG 

accumulation was seen in heterotrophically grown cells. At the conclusion of the study with C. 

reinhardtii BAFJ5, it was observed that biomass production in heterotrophic conditions was too 

low for large-scale biodiesel production. The heterotrophic SCO biodiesel platform shifted to 

yeast fatty acid synthesis due it the similarities in fatty acid content and increased biomass 

production and growth rate.  

Chapter 4 presents the results of the largest published screening effort to identify 

oleaginous yeasts for biomass and neutral lipid production. Our hypothesis was that the 

screening process would identify selected strains of yeasts that could produce more biomass and 

accumulate more TAGs, and thus identify a robust candidate strain for future research. From the 

69 strains cultured in both nitrogen-depleted and nitrogen-replete conditions, five strains were 

selected for future work. Following the yeast biomass and TAG accumulation screen, the 

oleaginous yeast Yarrowia lipolytica, CLIB 122 was selected for further analysis. This strain 

produced approximately 20% lipid in nitrogen-limited conditions, and biomass accumulation 

was comparable to other strains tested. This strain was selected for its potential for increased 

TAG synthesis by optimizing the culturing methodology.  

Chapter 5 illustrates that Y. lipolytica is a robust yeast strain capable of improvement to 

biomass production and lipid accumulation. Our central hypothesis was that different culture 

conditions (carbon and nitrogen availability) would determine the amounts of biomass and lipid 

accumulation by Y. lipolytica. For example, more biomass was attained when Y. lipolytica was 
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cultured with dextrose as the sole carbon source than with glycerol. However, glycerol is a lower 

cost carbon source than dextrose, so evaluation of cell mass production and lipid synthesis in 

cultures containing glycerol was investigated further. Y. lipolytica was cultured on waste and 

pure glycerol to assess the strains ability for growth on waste substrates for lipid production, and 

no harmful effects were detected. Finally, the strain was cultured in both nitrogen rich and 

limited media, and the cells produced three times the lipid when subjected to nutrient limitation.  

The effect of nitrogen-limitation on oleaginous yeast and increased lipid accumulation is 

well documented. The intracellular mechanisms for this metabolic shift and increased carbon 

flux to lipid biosynthesis is not well known for this condition. Several hypotheses for this 

increased lipid accumulation have been linked to the presence of the ATP:citrate lyase. Chapter 6 

was a comparative proteomic analysis of lipogenic and non-lipogenic conditions. Our hypothesis 

was the ATP:citrate lyase, TCA cycle, and FA biosynthesis pathways would be greatly up-

regulated in lipogenic conditions. The ATP:citrate lyase provides the monomers for FA chains, 

while an increased TCA cycle would provide an increased pool of citrate to be cleaved by the 

lyase enzyme, before being sent to the FA biosynthesis pathway. The proteome analyses 

revealed that while the lipogenic phenotype is apparent in the FA end-products synthesized by Y. 

lipolytica, the proteins produced under different growth conditions were not drastically different. 

The ATP:citrate lyase was expressed in similar quantities at all time points collected, and 

enzymes in the TCA cycle and FA biosynthesis pathways were down-regulated under nutrient-

limited conditions.  

7.2  Future Research 

 Oleaginous yeasts have demonstrated robust growth and TAG accumulation at large-

scale (Munch et al., 2015). Many methods have researched increased biomass production and 



 133 

TAG accumulation, but many technical barriers still persist and will need to be overcome before 

microbial SCO production can progress toward industrial scale. One of the greatest costs 

associated with biodiesel production is the price of the substrate. This barrier has been overcome 

by the introduction of ‘waste’ carbon substrates such as reclaimed flue gas for CO2 

supplementation to microalgae, and biodiesel-derived waste glycerol from biodiesel production 

supplemented to yeast. The total accumulation of the TAGs is another barrier in SCO production 

that has been overcome. Several screens similar to that described by Sitepu et al. (2013) have 

found multiple strains of oleaginous yeasts capable of synthesizing more than 50% of the cell dry 

mass as TAG. Finally, another substantial barrier to microbial-based biodiesel is removing the 

FA from the cell. Down-stream processes have been vastly under-represented in the SCO 

literature, although they add significant cost to the final product. Therefore, I suggest two areas 

of potential research for the continuation of the yeast biodiesel platform.  

 Y. lipolytica is well known for its ability to grow from hydrophobic substrates, 

specifically hydrocarbons (Fickers et al., 2005). This species has the ability to breakdown 

alkanes via the beta-oxidation pathway, and was additionally observed that these hydrocarbons 

are able to permeate the cell wall. While these alkanes can be toxic to cells, Y. lipolytica has the 

ability to withstand these deleterious effects.  

Many cyanobacteria have the ability to synthesize alkanes and alkenes, but 

Synechococcus elongatus and Nostoc punctiforme are able to produce heptadecane and 

pentadecane (Schirmer et al., 2010). To confer alkane synthesis to yeast, two enzymes would 

need to be expressed in Y. lipolytica: an Acyl-ACP reductase that produces a fatty aldehyde from 

a FA, which is decarboxylated by an Aldehyde decarbonylase to an alkane. The future research 

could investigate the integration of these genes into the Y. lipolytica genome for stable 
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expression of the enzymes. This would result in the synthesis of alkanes that are excreted into the 

media and could be collected without harvesting the cells. This method eliminates both 

harvesting and dewatering of cellular biomass and extraction of the FA for downstream 

processing. This approach was used by Schirmer et al. (2010) who expressed these same genes 

in Escherichia coli. The recombinant E. coli expressed the Acyl-ACP reductase and the 

Aldehyde decarbonylase, but the concentrations of alkanes synthesized were very low. Y. 

lipolytica produces large quantities of FA, which act as the substrate for alkane production, and 

have the ability to withstand the toxic effects of alkanes, and thus, this approach may work better 

in  Y. lipolytica than in E. coli. 

 Another potential method for lipid extraction could be disruption of the fps1 gene in Y. 

lipolytica. This gene encodes for a protein involved with the regulation of intracellular osmotic 

pressure (Hohmann et al., 2007; Sutherland et al., 1997). The fps1 protein opens and closes an 

internal channel to allow glycerol to move in and out of the cell allowing for balance of osmotic 

pressure. Under hyperosmotic conditions, the cell closes the channel and increases production of 

intracellular glycerol to prevent osmolysis of the cell. Once the internal pressure matches solute, 

glycerol production is halted. During hypo-osmotic conditions, the fps1 channel is opened, 

releasing glycerol to balance the solute.  

A mutant strain defective for fps1 could create a lipid extraction process internally in the 

cell. The mutation is not lethal to the strain, but does produce a fragile cell wall (Hohmann 

2007). A large-scale biodiesel process could use this method to extract lipid from the cells 

without removing them from the culture. Y. lipolytica could be cultured with titrated quantities of 

glycerol, enough to stimulate lipid biosynthesis with a high carbon to nitrogen ratio. Once the 

biomass and lipid have reached a culture maximum, the mutant strain incapable of opening the 
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fps1 channel would have a high intracellular pressure from being cultured on high quantities of 

glycerol as a substrate. The culture broth could be diluted with water to create a hypotonic 

solution, and then the cells would rupture, as they are unable to balance out the pressure. This 

would release the TAGs into the culture medium, where they would rise to the top of the vessel. 

Finally, the oil could be manually removed from the water, leaving behind the cellular debris to 

feed subsequent cultures, similar to the yeast extract found in media.  

 SCOs have demonstrated several possibilities for large-scale biodiesel production, but 

still many barriers exist. Many of the yeasts already characterized produce significant quantities 

of lipid, and research needs to focus on other areas of SCO production from the single cell all the 

way to the refining of the FA into a transportation fuel. Some techno-economic analysis have 

examined SCO production (Amer et al., 2011; Davis et. al., 2011; Harun et al., 2011), but these 

analysis all focus on microalgal cultivation. Yeast SCOs have not been properly assessed for 

their viability in the fuel market. An in-depth analysis of oleaginous yeast cultivation coupled 

with efficient extraction technologies could potentially bring a microbial-based biodiesel to the 

consumer.  
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Supplementary Table 1.  The percentage of long chain fatty acid composition of 69 UCDFST yeast strains, grown in three different 

conditions diagrammed in Figure 1. a Fatty acid designated as number of carbon atoms: number of double bond(s): position of double 

bond from methyl-end; A: Yeast cells from 15 mL of Med.A+, harvested after grown for 48 h, stored overnight at -80 C, freeze-

dried, and maintained at -80 C;  B: 25 mL the remaining Med.A, washed as described previously, grown in 50 mL Med.A+ for 72 h; 

C. 25 mL of the remaining Med.A, washed as described previously, grown in 50 mL Med.A+ for 72 h. with the exclusion of yeast 

extract and NH4Cl as nitrogen sources. ND: fatty acid not detected. 

 

Genus  Fatty acid (%)  

species C14:0 C16:0 C16:1 7 C18:0 C18:1 9 C18:2 6 C18:3 3 C20:0 C22:0 C24:0 

Culture Condition A B C A B C A B C A B C A B C A B C A B C A B C A B C A B C 

Ascomycota; Saccharomycotina; Saccharomycetes; Saccharomycetales 

Debaryomycetaceae                                                      

Scheffersomyces                               

 stipitis 10-948  6.8 5.2 1.3 62.5 41.5 28.4 ND 3.7 4.6 9 16.5 11.7 0 16.1 49.3 11.5 7.3 1.3 0 1.4 0.7 0 1.1 0.7 0 0.8 0.9 ND 0.4 0.8 

stipitis 10-950  5 2.5 0.6 51.3 30.5 24.6 2.8 6.1 5.3 8.6 17.3 10.2 0.5 33.4 54.2 9.5 2.5 2.9 2.4 1.5 0.5 4 0.6 0.1 2 0.6 0.2 ND 1.1 0.6 

Kurtsmaniella                               

 cleridarum 76-729.2  1.2 1 0.8 31 28 27.1 0.9 0.8 0.6 5.1 21.3 17.4 52.9 40.5 39.9 3.6 3.4 9.2 0.6 0.5 0.7 0.8 0.9 0.8 0.7 0.8 0.8 2 2.2 1.9 

Candida                               

 aff. insectorum 10-

850  1.8 1.2 0.6 45.1 34.9 37.8 22.5 20.3 11.3 8.5 6.9 13.6 3.8 2.4 1.4 0 20.7 22.8 12.7 8.8 5.2 2.4 2.2 2.4 1.7 1.4 1.9 ND ND 1.3 

Lipomycetaceae                               

Lipomyces                               

 lipofer 78-19T  0.3 0.3 0.2 27.7 27.4 28.8 4.3 5 5.4 9.9 2.3 1 50.7 58.9 58.4 3 2.1 3.2 0.6 0.4 0.5 0.6 0.5 0.4 0.9 0.9 0.6 1.1 1.2 0.5 

starkeyi 78-23 0.6 0.5 0.3 30.9 31.2 37.6 6 5.5 3.6 9.2 1.7 1.8 42.8 54.4 52.1 4.9 2.6 2.4 0.8 0.2 0.2 0.3 0.6 0.5 0.6 0.6 0.5 1.4 1.1 0.2 

Myxozyma                               

melibiosi 52-87  0.3 0.4 0.3 9.1 10.6 15.5 45.5 10.5 13.1 4.4 4.9 8.7 25.7 26.3 46.9 7.8 7.7 10.2 2.3 0.3 0.2 2.3 1.6 0.8 ND 0.3 ND 1 1.4 2.1 

cf. melibiosi 76-318.3  1.6 1.4 ND 15 16.2 19.8 11.3 12.2 10 2.9 3.4 6.2 36.2 40 44.1 16 13.7 9.9 1 0.9 ND 2.9 1.9 2.8 2.1 1.8 2.3 0.7 0.7 1.5 

mucilagina 76-214.2  0.5 0.5 0.3 14.1 13.1 14.2 15.2 17.6 14.2 5.9 5.2 6.8 38.5 39.3 47.6 16.9 14.9 11.6 0.8 ND 0.1 1.8 1.9 0.3 1.5 1.6 0.2 2.1 1.8 1.8 

Metschnikowiaceae                               
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Candida                               

  aff. sagamina 10-

1002  5.5 5 8.8 48.5 47.7 53.5 1.3 0.5 1 4.8 15.7 4.1 3.2 2.6 9.7 11 8.7 0 1.1 0.9 1.5 1.4 0.7 1.4 1.6 0.6 1.1 ND ND ND 

Pichiaceae                               

Pichia                                 

manshurica 49-14  ND ND 0.3 12.6 12.6 13.6 14.3 14.5 11.4 4.4 5 11.3 25.4 25.3 38.2 29 27.6 18.8 6.6 5.9 3.4 5.5 5.8 1 ND ND ND ND ND ND 

Trichomonascaceae                               

Candida                               

aff. kazuoi 10-784  3.9 4.3 6.5 52.3 48.7 54.5 1.3 2.8 ND 6.2 4.2 7.7 8.7 14.1 4.2 11.7 11.9 10.8 1.1 0.6 0.9 1 1.5 2.4 0.7 0.9 1.4 ND ND ND 

Incerta sedis                               

Yarrowia                               

 lipolytica 68-653.4  0.5 0.6 0.2 14.8 14.3 15 14.3 15.9 13.9 7.2 5.9 7.3 39.1 38.1 44.2 16.8 18.2 14.5 0.5 0.5 0.2 1.8 1.5 0.5 1.5 1.8 1.3 2.1 1.9 1.9 

Basidiomycota  

Pucciniomycotina; Cystobasidiomycetes; Aurantiaca group 

Rhodotorula                               

aurantiaca  02-119 ND 0.4 0.4 13.9 16.8 14.9 ND ND ND 5.8 8.8 8.5 60 44.1 51.2 10.4 22.5 19.6 2.3 1 0.8 1.4 1.3 1.2 1.8 1.4 0.3 1.5 1.8 1.8 

Pucciniomycotina; Microbotryomycetes; Leucosporidiales 

Leucosporidiella                               

creatinivora 62-1032  0.7 0.8 2.7 8.9 8.6 43.2 ND ND 1 19.2 17.3 6.8 57.5 61 0.7 7.3 6.7 28 2.4 1.6 5.6 0.9 0.9 3 1.5 1.4 4 1.1 1 2.2 

Pucciniomycotina; Microbotryomycetes; Sporidiobolales 

Rhodotorula                               

colostri 67-113 1.3 1.1 1.2 16.3 14.7 15 ND 1.6 2 7.4 5.6 6.3 30.4 30 28.9 28.5 33.8 31.6 5.5 6.8 6.5 3.9 1.2 2.3 3.3 1.8 2.4 2.1 2.4 2.5 

dairenensis 72-233 0.8 0.9 0.7 15 16.2 15.4 1.2 1 0.9 8.5 9.8 8.1 64.4 60 58.1 3.1 5.6 9.6 1.3 1.3 1.8 0.2 0.2 0.1 1.1 1.3 1 2.7 2.9 2.5 

dairenensis 78-54  0.4 0.4 0.6 11.7 11.8 19.2 0.6 0.6 0.7 19.6 17.4 9 59.2 62.5 51.5 1.9 1.9 13.5 0.8 0.6 2.7 0.2 0.1 0.2 1.1 1.3 0.4 2.6 2.5 1.4 

glutinis 06-542 0.7 0.7 0.9 12.6 13 17.4 0.8 1 2.4 11.1 10.4 0.4 66 66.4 66.3 1.6 2.1 7.6 0.7 0.6 0.7 0.6 0.6 0.2 1.7 1.6 0.7 1.5 1.4 0.6 

glutinis 62-106  0.7 0.7 0.9 16 17.4 21.6 1.5 1.7 2.1 11.2 12.5 5 63.3 70.4 55.1 1.8 2.6 10.3 0.6 0.6 1.7 0.1 0.1 0.3 1.7 1.7 0.4 2.1 2 0.9 

glutinis 50-309  ND 0.5 ND 10.1 10.6 7.8 ND ND ND 3.7 3.6 2.3 57.7 35.1 28.7 16.9 35.7 21.9 4.7 10.8 5.7 3.2 1.9 1.3 ND ND 21.4 0 0.7 1 

glutinis 62-528  0.7 0.7 1.2 17.7 16.5 23.3 1.4 1.7 1.5 3.3 2.9 5.9 69.1 72 43.3 1.3 1.3 12.2 0.8 0.5 2.7 0 0.2 0.1 1.7 1.5 1.8 1.1 1.1 0.5 

graminis 62-354  1.1 0.6 0.6 21.2 12.7 12.9 1.6 1.1 1 1.4 16.4 16.2 52.8 60.9 60.2 11.5 1.5 1.7 1.6 0.6 1 0.1 0.1 0 1 2.8 2.9 0.5 1.6 1.8 

mucilaginosa 40-129 0.5 0.5 0.7 13.5 12.8 18 1.4 ND 0.8 9.6 11.5 8.6 60.5 63.1 54 4 2.8 11.3 2.3 0.8 3 0.9 1.3 0.2 1.8 2.4 1.1 2.6 2.7 1.5 

mucilaginosa 78-

548.1 1.5 0.6 ND 35.4 13 18.1 3.8 1.3 1.5 28.8 10.8 8.4 0.3 64.1 52.7 7.8 3.2 10.7 2.9 0.8 2.2 1.1 0.5 0.6 4.4 1.7 1.5 10.4 3.2 1.7 
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Rhodosporidium                               

babjevae 05-775 1 1 1.4 16 16.7 21.6 0.5 1.1 2.2 13.3 11.4 3.6 59.9 61.4 53.5 1.8 2.1 9.2 1 0.7 1.5 1 0.8 0.5 2.3 2 1 1.5 1.3 0.5 

babjevae 04-877 0.6 0.7 1.1 13.6 13.8 20.1 0.5 0.5 2.1 14.5 13.8 4.2 61.6 65.1 62.9 0.9 0.8 4.8 0.4 0.3 0.5 1 1 0.7 2 1.5 0.7 1.1 1 0.4 

babjevae 68-916.1  0.6 0.6 0.9 12.9 12.6 20.8 0.8 1.1 1.6 15.2 14.1 0.4 60.3 61.7 65.4 2.8 3 7.1 1.8 1.3 0.8 0.1 0.1 0.1 2.1 2 1 1.9 1.6 0.5 

babjevae 05-736  0.8 0.7 1.1 16.8 15.5 20.9 1.5 1.1 2.5 9.2 10.4 3.4 63.5 64.8 57.5 1.1 1.1 9.7 0.5 0.4 1 0.8 0.8 0.1 1.5 1.8 1 1.4 1.4 0.5 

babjevae 05-613  0.7 0.7 1.3 12.3 13.6 21.2 0.4 0.5 2.2 15 13.6 2.9 58.9 59.8 53.9 1.5 1.9 8.7 0.8 0.5 1.5 1.2 1.1 0.2 2.6 1.9 1 1.9 1.6 0.6 

diobovatum 04-864 ND 0.7 1.1 16.1 14.5 18 2.9 2.2 3.7 8.5 8.3 3.6 64.7 68.1 62.8 1.5 1.1 7.9 0.8 0.5 0.7 0.5 0.2 0.3 1.5 1.3 0.4 1.2 1.2 0.5 

diobovatum 08-225  1.5 1.4 1.3 27.6 23.9 25.6 2.6 2.7 2.4 0 12.9 2.7 57.7 50.1 60.1 3.6 4.1 2.5 0.8 0.7 0.4 1 0.6 0.8 1.3 0.9 1.1 3.4 2.4 2.5 

fluviale 81-485.4  0.7 0.8 0.6 10.7 13.3 17.5 2.7 2.8 1.5 4.4 4.6 8.8 58.8 51.3 30.7 12.7 15.4 24.3 2.6 4.3 10.8 0.2 0.2 0.3 1.2 1.4 1.2 3.6 2.9 2.5 

paludigenum 09-163  0.6 0.8 0.7 13.8 15.6 17.4 2.4 2.5 1.8 7.1 7.2 6 54.7 45.4 59.6 15.6 22.7 10.5 1.9 2 1.1 0.6 1.1 0.3 0.9 0.4 0.6 2.1 1.8 1.1 

paludigenum 82-507.2 0.6 1 1 14.7 15.9 22.6 1.5 1.3 1.1 10.4 12.1 9.7 43.9 40.9 40.5 19.6 19.3 14.2 2.3 2.7 4.2 0.3 0.4 0.3 1.9 1.6 1 2.2 2 0.7 

sphaerocarpum 68-

43Mu  0.5 0.7 0.7 12 13.5 22.5 1.8 2.5 0.8 4.5 4.6 7.8 67.3 63.3 52.9 7.6 8.6 11 2.1 1.8 2.2 0.4 0.6 0.2 1.2 1.4 0.2 1.7 1.6 0.4 

toruloides 68-264  0.9 0.6 0.9 16.3 12 17.5 0.3 0.4 0.4 4.7 20.9 3.7 61.5 54.2 61.6 6.5 5.6 10 1.8 1 3.1 1.4 0.8 0.3 2 1.3 0.8 2.5 1.6 0.6 

Agaricomycotina; Tremellomycetes; Cuniculitremaceae 

Cuniculitrema                                                             

 polymorpha 82-13  0.2 0.2 0.2 15.3 15.2 21.7 1.4 1.2 0.7 3.8 4.2 5.2 55.9 57.7 52.7 13 12.6 12.4 4.5 2.8 2.8 0.1 0.1 0.1 1.1 1.1 0.3 0.8 1 1.3 

Agaricomycotina; Tremellomycetes; Filobasidiales 

Filobasidium                               

 floriforme 06-227 0.5 0.4 0.4 16.8 15.8 22.4 0 0.8 0.6 7.2 6.9 6.5 57.5 58.3 36.4 11.9 9.1 28 2.2 1.9 2.2 1.6 1 0.2 0.6 0.8 0.5 0.5 0.5 0.4 

 floriforme 71-71  0.3 0.5 0.5 14.2 14.6 20 1.4 1.9 1.3 6.2 4.7 4.6 53.6 49.8 36 14.6 20.1 32 1.7 1.5 2.3 1.8 2.4 0.6 1.7 1.9 1.4 0.5 ND 0.4 

 globisporum 05-541  0.5 0.4 0.6 19.1 18.8 29 ND ND ND 5.6 4.7 6.9 55.2 61.6 29.3 14.7 10.7 27.6 1.4 0.9 2.6 1.4 0.5 1.7 1.1 0.8 1.3 ND ND ND 

aff. globisporum 83-

617.2 ND ND ND 16 15.9 13.5 1.9 1.7 ND 4.8 3.2 3.3 28.6 34.7 14.3 36.8 34.2 37.3 1.6 0.7 1.9 2.6 1.8 ND 2.1 1.7 ND ND ND 2.2 

 inconspicuum 89-39  0.5 0.5 0.3 18.4 20 24.4 1.5 1 0.7 5.3 7.8 5.8 55.6 53.5 61.6 7.3 9.9 4.2 0.9 0.7 0.4 1.5 0.3 0.4 1.8 0.7 0.5 2.2 3 0.8 

Cryptococcus                               

 albidus 63-203 0.4 0.3 0.4 14.5 12.2 18.5 1.1 1.1 0.5 7.4 7 19.8 43.8 44.2 17.2 23.2 27.4 31 3 2.6 7.2 1.1 1.6 0.6 1.1 1.3 1 0.8 1.1 2.1 

 albidus 76-324.2  ND 0.3 0.2 12.8 12.9 17.9 0.6 0.7 0.3 16.3 12.8 16.5 43.7 51.1 33.6 18.7 16.6 26.2 2.2 1.3 2 0.3 1.4 0.4 1.1 1.3 0.7 ND ND 0.3 

 gastricus 81-46  0.4 0.3 0.4 22.1 20.2 27 1.3 1.3 0.7 5.3 5.3 5.2 48.6 52.3 40.5 15.4 12.9 22.3 0.6 0.6 0.4 0.9 1.1 0.2 1.1 1.2 0.2 2 2.1 1.4 

 magnus 10-900  5.9 10.7 3.6 57.8 55.5 45.1 ND ND ND 7 4.2 23.2 0.8 3.6 5.2 14.1 12.8 5.3 0.9 0.7 2.8 3.3 1.9 5.2 2 1.1 3.1 ND ND ND 

 oeirensis 05-864  0.7 0.6 0.3 20.2 17.4 20.3 2.2 1.5 0.6 7.4 6.9 9.5 36 43.5 35.9 25.1 19.9 27.4 4.4 2.8 3.3 2 1.3 0.3 1.2 1.3 0.6 ND ND 0.7 

 terreus 61-443 0.4 ND 0.3 22.5 15.3 24.7 3.5 ND 3.2 11.5 8.6 8.6 53.4 51.7 46.7 5.5 5 13.3 0.2 ND 0.1 0.5 7.6 1.2 0.6 4 0.3 1 ND 0.7 
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Agaricomycotina; Tremellomycetes; Tremellales 

Cryptococcus                               

 aff. taibaiensis 73-

750 0.5 ND 0.7 14.5 15 15.8 1.5 2.7 2.4 10.4 7.9 9.2 25.7 19.6 17.6 37.1 42.3 39.4 3.3 3.1 3.4 0.5 1.2 1.2 1.1 1.4 1.7 2.3 1.3 1.4 

 flavescens 76-773.1 0.8 0.7 0.5 17.6 17.1 19 1.5 1.3 0.5 4.7 5.6 16.9 21.1 22.7 38.6 46.2 46 18.6 0.7 0.5 0.2 1.4 0.6 1.2 1.2 1.1 0.9 2.4 3 2.1 

 flavescens 76-106  0.7 0.6 0.4 25.2 21.8 19.5 1.9 1.8 0.7 9.6 9.2 16.4 0.7 1 31.2 48.3 50.2 21.5 1.4 0.9 0.7 2.7 1.5 1 2.3 2 1.5 4.3 3.7 4.1 

 aff. laurentii 68-

684.1  ND 0.5 0.2 18.5 10.9 14.3 ND 1.2 10.9 13 5.7 7.3 24.5 39 40.8 23.3 31 17.8 5.7 5.2 2.1 6.3 1.4 0.4 4.8 1.4 1.6 1.7 1.8 1.8 

 luteolus 82-434  0.5 0.5 0.3 13.9 14.2 16.7 1.1 1 0.6 9.4 10.3 11.5 54.8 55.3 46.1 11.4 10 18.6 1.1 0.3 0.3 0.2 0.2 0.7 0.3 0.4 1.3 2.5 3.3 2.6 

Filobasidium                                

cf. uniguttulatus 68-

873  0.7 0.6 NA 14.3 11.8 NA ND 0.9 NA 8.3 6.1 NA 53 55.4 NA 11.9 16.1 NA 3.2 4 NA 3.2 1.2 NA 2.8 1.1 NA 1.5 1.8 NA 

Cryptococcus                               

 victoriae 10-939  0.4 0.5 0.5 19 21 22 7.5 5.5 7 13.6 20.5 16 46 42.5 46.8 8.4 6.6 4.1 1.1 0.8 0.7 1.2 0.4 0.7 1 0.6 0.6 1.8 1.3 1.1 

Hannaella                               

 aff. zeae 92-112  0.7 0.6 0.3 13.2 14 20.5 1.4 1 0.3 8 10.1 15.6 45.3 46.6 38.7 20.1 18.9 19.1 1.3 1.1 0.8 2.2 0.4 1.6 1.6 1.5 0.6 1.5 1.8 0.5 

Tremella                               

 aurantia  61-383  0.5 0.5 0.4 19.9 17.9 19.3 ND ND ND 7.7 5.7 6.2 56.8 59.6 61.1 10.1 7.9 5.1 0.9 2.6 1.3 1 2.7 0.4 ND ND 1.7 2.4 2.1 2.6 

 enchepala 68-887.2  0.5 0.5 0.3 21.6 20.9 21.9 0.9 1.1 0.8 11.3 12.3 10.8 49.9 51.3 52.5 9.9 7.7 10 0.4 0.3 0.2 0.4 0.5 0.6 1.1 1.3 0.9 2.7 2.8 1.1 

Agaricomycotina; Tremellomycetes; Trichosporonales 

Cryptococcus                               

cf. curvatus 74-20  1.6 1.2 0.4 18.7 18.4 21.9 2.6 2 0.9 9.5 10.4 10.8 37.8 40.5 49.1 19.2 16.9 11.7 2.9 2.1 1.7 1.8 0.4 0.2 1.4 0.9 0.7 1.3 1.7 1.5 

 humicola 10-1004 2.4 2.1 0.6 29.9 37.1 28 1.1 1 0.9 12 19.7 12.5 35.3 31.5 44.7 14.4 5 10.9 1.6 0.7 0.3 0.4 0.6 0.4 0.1 0.1 0.2 1.4 1.2 0.8 

 ramirezgomezianus 

544-11.224 1.2 0.6 0.4 22.8 19.3 16.5 1.5 0.9 0.6 17.6 21.3 14.8 47.2 49.4 44.9 3.7 3.3 17.9 0.6 0.4 1 0.8 1.1 0.7 1.1 0.5 0.6 2.5 2.4 1.9 

 wieringae 05-544 ND ND ND 17.3 14.6 15.8 ND ND ND 9.1 9.6 8.9 14.2 15.4 16.3 39.7 40.1 39.3 14.8 14.7 14.3 2.3 1.8 1.7 1.7 1.3 1.3 ND 1.5 1.4 

Trichosporon                               

guehoae  60-59  0.7 0.6 0.3 23.5 24.1 19 1.3 1.6 0.7 16.3 15.9 21.7 36.7 36 41.7 17.3 17.3 13.8 0.6 0.5 0.3 0 0.6 0 0.7 1.2 0.8 1.9 1.8 1 

Viridiplantae; Chlorellales; Chlorellaceae 

Prototheca                               

aff. zopfii10-495  ND ND 0.6 36.8 33.5 31.2 ND ND ND 16.7 7.6 8.2 19.4 27.3 33.9 12 26.9 21.5 3.2 1.1 0.9 6.1 1.6 2.3 3.5 1.4 1.4 ND ND ND 

stagnora 91-462.4  0.3 0.4 0.3 19.5 17.3 15.8 5.7 9.3 9.4 12.8 8.8 9.7 26.4 32.5 36.8 29.8 25.3 20.8 0.5 0.8 0.6 0.4 0.3 0.4 1.2 1.3 0.8 0.7 0.8 2 

zopfii 72-160  0.4 0.3 0.3 19 16.8 11.3 1.4 1.6 1.5 13.7 12 10 37.1 43.4 56.8 21.4 18.6 9.7 0.7 0.4 0.2 0.1 0.2 0.2 2.1 3.4 2.3 1.1 1.1 0.9 
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aff. zopfii var. 

hydrocarbonea 10-

493  ND 0.6 0.6 29.9 31.9 31.7 ND ND ND 10.1 5.5 9.5 23.7 28.8 31.5 14.6 27.9 21.2 6.5 0.9 1.1 8.1 2.2 2.3 4.5 1.6 1.4 ND ND ND 

zopfii var. zopfii 60-

48 ND 0.5 ND 15.8 24.6 22.9 ND ND ND 7 16.3 14.1 12.9 20 33.4 22 29.6 21.7 1.3 3.8 1.8 6.4 3.6 1.4 4.6 0 2.8 1.8 ND 0.9 
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Supplementary Table 2.  Yields of major fatty acids. In 69 UCDFST yeast strains, mg lipid per g yeast cells, grown in three different 

growth conditions diagrammed in Figure 1. Yield, presented  as mg fatty acid/g dry yeast cell mass; b Fatty acid designated as number 

of carbon atoms: number of double bonds. Conditions for growth under culture conditions A, B, and C are described in Table 1.  ND: 

fatty acid not detected. 

Genus  Fatty acids (mg/g yeast cell)b 

species 14:00 16:00 16:1 7 18:00 18:1 9 18:2 6 18:3 3 20:00 22:00 24:00:00 

Culture Condition A B C A B C A B C A B C A B C A B C A B C A B C A B C A B C 

Ascomycota; Saccharomycotina; Saccharomycetes; Saccharomycetales 

Debaryomycetaceae                               

Scheffersomyces                               

stipitis 10-948  1.8 1.7 0.8 16.9 13.1 17.6 ND 1.2 2.9 2.4 5.2 7.3 0 5.1 30.6 3.1 2.3 0.8 0 0.4 0.4 0 0.4 0.5 ND 0.3 0.6 ND 0.1 0.5 

stipitis 10-950  0.7 0.7 0.5 7.2 8.3 21.4 0.4 1.7 4.6 1.2 4.7 8.9 0.1 9.1 47.3 1.3 0.7 2.5 0.3 0.4 0.4 0.6 0.2 0.1 0.3 0.2 0.1 ND 0.3 0.5 

Kurtsmaniella                               

 cleridarum 76-729.2  2.5 1.5 1.4 62 42.4 51.2 1.8 1.2 1.2 10.2 32.1 32.8 106 61.2 75.4 7.2 5.2 17.4 1.1 0.7 1.3 1.7 1.4 1.5 1.4 1.3 1.4 4 3.3 3.6 

Candida                               

 aff. insectorum 10-

850  
0.2 0.2 0.1 5.8 4.9 7.9 2.9 2.8 2.3 1.1 1 2.8 0.5 0.3 0.3 0 2.9 4.7 1.6 1.2 1.1 0.3 0.3 0.5 0.2 0.2 0.4 ND ND 0.3 

Lipomycetaceae                               

Lipomyces                               

 lipofer 78-19T  0.6 0.6 0.9 66.1 62.1 104 10.3 11.4 19.6 23.6 5.2 3.5 121 133 211 7.2 4.8 11.5 1.5 0.8 1.6 1.3 1 1.6 2.2 2.1 2.1 2.7 2.8 1.8 

starkeyi 78-23 0.9 1.2 0.9 44.3 72.7 96.5 8.5 12.8 9.1 13.1 3.9 4.7 61.3 127 133 7 6.2 6 1.1 0.6 0.4 0.5 1.3 1.2 0.9 1.5 1.3 2 2.5 0.5 

Myxozyma                               

melibiosi 52-87  0.2 0.3 0.2 6.9 8.1 11.3 34.5 8.1 9.6 3.4 3.8 6.4 19.5 20.1 34.3 5.9 5.9 7.4 1.8 0.2 0.2 1.7 1.3 0.6 ND 0.3 ND 0.8 1.1 1.5 

cf. melibiosi 76-

318.3  
0.6 0.4 ND 5.2 4.4 7.8 3.9 3.3 3.9 1 0.9 2.5 12.6 10.8 17.4 5.5 3.7 3.9 0.3 0.3 ND 1 0.5 1.1 0.7 0.5 0.9 0.3 0.2 0.6 

mucilagina 76-214.2  0.2 0.2 0.3 5 5.2 13.2 5.4 7 13.2 2.1 2 6.3 13.6 15.5 44.2 6 5.9 10.8 0.3 0 0.1 0.6 0.8 0.2 0.5 0.6 0.2 0.7 0.7 1.7 

Metschnikowiaceae                               

Candida                               

  aff. sagamina 10-

1002  
1 1.3 2 8.6 12.5 12 0.2 0.1 0.2 0.8 4.1 0.9 0.6 0.7 2.2 1.9 2.3 ND 0.2 0.2 0.3 0.2 0.2 0.3 0.3 0.2 0.2 ND ND ND 

Pichiaceae                               
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Pichia                                 

manshurica 49-14  ND ND 0.2 6 6.8 7.3 6.8 7.8 6.2 2.1 2.7 6.1 12.1 13.7 20.6 13.8 14.9 10.1 3.2 3.2 1.8 2.6 3.1 0.5 ND ND ND ND ND ND 

Trichomonascaceae                               

Candida                               

aff. kazuoi 10-784  1.1 0.9 1.1 14.7 10.7 8.9 0.4 0.6 ND 1.8 0.9 1.2 2.4 3.1 0.7 3.3 2.6 1.8 0.3 0.1 0.2 0.3 0.3 0.4 0.2 0.2 0.2 ND ND ND 

Incerta sedis                               

Yarrowia                               

 lipolytica 68-653.4  0.2 0.2 0.2 4.4 5 11.9 4.3 5.5 11 2.1 2.1 5.8 11.7 13.3 34.9 5 6.3 11.4 0.2 0.2 0.2 0.5 0.5 0.4 0.4 0.6 1.1 0.6 0.7 1.5 

Basidiomycota 

Pucciniomycotina; Cystobasidiomycetes; Aurantiaca group 

Rhodotorula                               

aurantiaca  02-119 ND 0.2 0.3 6.2 7.6 10.5 ND ND ND 2.6 4 6 26.8 19.9 36 4.7 10.1 13.8 1 0.4 0.6 0.6 0.6 0.8 0.8 0.6 0.2 0.7 0.8 1.3 

Pucciniomycotina; Microbotryomycetes; Leucosporidiales 

Leucosporidiella                               

creatinivora 62-1032  0.7 0.7 2.7 9 8.3 44.7 ND ND 1.1 19.4 16.7 7 58.3 58.7 0.7 7.4 6.5 29 2.4 1.5 5.7 0.9 0.9 3.2 1.5 1.4 4.2 1.1 0.9 2.2 

Pucciniomycotina; Microbotryomycetes; Sporidiobolales 

Rhodotorula                               

colostri 67-113 1.5 0.6 0.7 18.9 8.4 9.4 ND 0.9 1.3 8.6 3.2 3.9 35.3 17.1 18.1 33.2 19.2 19.7 6.4 3.9 4.1 4.5 0.7 1.4 3.8 1 1.5 2.5 1.4 1.6 

dairenensis 72-233 0.7 0.8 0.9 14.6 15.2 19.5 1.2 0.9 1.2 8.3 9.2 10.3 62.9 56.4 73.6 3 5.2 12.2 1.3 1.2 2.2 0.2 0.2 0.1 1.1 1.2 1.2 2.6 2.8 3.2 

dairenensis 78-54  0.3 0.4 0.6 9.4 10.6 18.5 0.5 0.5 0.7 15.8 15.6 8.6 47.7 55.8 49.6 1.5 1.7 13 0.7 0.5 2.6 0.2 0.1 0.2 0.9 1.1 0.3 2.1 2.3 1.3 

glutinis 06-542 1 0.9 2 18.8 16.1 39.6 1.2 1.3 5.4 16.6 13 0.9 98.4 82.7 151 2.4 2.6 17.2 1.1 0.7 1.6 0.9 0.7 0.5 2.5 1.9 1.6 2.2 1.7 1.3 

glutinis 62-106  0.9 1 0.9 21 24.6 20.6 1.9 2.4 2 14.7 17.7 4.7 82.8 99.8 52.6 2.4 3.7 9.8 0.8 0.8 1.6 0.1 0.1 0.3 2.2 2.5 0.4 2.7 2.8 0.8 

glutinis 50-309  ND 0.2 ND 5.5 4.8 6.4 ND ND ND 2 1.7 1.9 31.4 16 23.6 9.2 16.3 17.9 2.6 4.9 4.7 1.7 0.9 1.1 ND ND 17.6 ND 0.3 0.8 

glutinis 62-528  1.2 0.9 8 30.4 21.8 153 2.5 2.3 10.1 5.7 3.8 38.4 118 95.3 284 2.3 1.8 80.1 1.4 0.6 17.7 0.1 0.3 0.3 2.9 2 12.1 2 1.4 3.4 

graminis 62-354  2 0.5 0.7 38.4 11 16 2.9 1 1.3 2.5 14.3 20 95.7 52.9 74.1 20.8 1.3 2.1 3 0.6 1.2 0.1 0.1 0 1.9 2.5 3.6 0.9 1.4 2.3 

mucilaginosa 40-129 0.4 0.4 1.1 10.4 9.8 27.9 1.1 ND 1.3 7.4 8.9 13.4 46.8 48.7 83.8 3.1 2.1 17.6 1.8 0.6 4.7 0.7 1 0.3 1.4 1.8 1.7 2 2.1 2.3 

mucilaginosa 78-

548.1 
0.6 0.7 ND 13.3 14.3 5.6 1.4 1.5 0.5 10.9 11.9 2.6 0.1 70.9 16.3 2.9 3.6 3.3 1.1 0.9 0.7 0.4 0.5 0.2 1.7 1.9 0.5 3.9 3.5 0.5 

Rhodosporidium                               

babjevae 05-775 1.1 1.2 3.3 17.3 19.6 49.3 0.6 1.2 5 14.4 13.3 8.1 64.9 72 122 1.9 2.5 20.9 1.1 0.8 3.4 1.1 1 1.1 2.5 2.3 2.3 1.6 1.5 1 

babjevae 04-877 0.9 1.3 4.1 19.8 25.4 74.7 0.7 1 7.9 21 25.4 15.6 89.4 120 235 1.4 1.5 17.8 0.5 0.6 1.8 1.4 1.9 2.6 3 2.8 2.6 1.5 1.9 1.5 
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babjevae 68-916.1  0.6 0.7 1.8 13.3 14.1 41.4 0.9 1.2 3.2 15.7 15.8 0.8 62.3 69 130 2.8 3.4 14.1 1.8 1.4 1.6 0.1 0.1 0.1 2.2 2.2 2 1.9 1.8 1 

babjevae 05-736  1.3 1 2.9 26.7 22.3 56.4 2.4 1.6 6.6 14.7 14.9 9.1 101 93.1 155 1.8 1.6 26.2 0.8 0.5 2.8 1.2 1.1 0.3 2.3 2.6 2.6 2.2 2 1.3 

babjevae 05-613  0.7 1 3 13.8 18.8 49.6 0.4 0.7 5.1 16.8 18.9 6.9 66 82.7 127 1.7 2.6 20.5 0.9 0.6 3.6 1.4 1.6 0.4 2.9 2.7 2.4 2.1 2.2 1.3 

diobovatum 04-864 ND 0.6 1.1 12.2 14.1 18.7 2.2 2.1 3.9 6.5 8.1 3.8 49.1 66.4 65.5 1.2 1.1 8.2 0.6 0.4 0.7 0.4 0.2 0.3 1.1 1.3 0.4 0.9 1.2 0.5 

diobovatum 08-225  1.9 1.9 2.3 35.1 32.2 46.3 3.3 3.7 4.3 0 17.4 4.8 73.3 67.4 109 4.5 5.5 4.4 1 1 0.7 1.2 0.8 1.5 1.7 1.2 2 4.3 3.2 4.6 

fluviale 81-485.4  0.5 0.4 0.4 7.8 6.7 12.7 2 1.4 1.1 3.2 2.3 6.3 43 25.7 22.2 9.3 7.7 17.6 1.9 2.1 7.8 0.1 0.1 0.2 0.9 0.7 0.9 2.6 1.4 1.8 

paludigenum 09-163  0.4 0.5 1.1 8.1 10.3 28.7 1.4 1.7 3 4.2 4.7 9.8 32.2 29.8 98.1 9.2 14.9 17.2 1.1 1.3 1.8 0.4 0.7 0.4 0.5 0.3 1 1.2 1.2 1.8 

paludigenum 82-

507.2 
0.5 0.7 1.8 11 11.1 39.7 1.1 0.9 1.9 7.8 8.4 16.9 32.8 28.6 70.9 14.6 13.5 24.8 1.8 1.9 7.4 0.2 0.3 0.5 1.4 1.1 1.8 1.7 1.4 1.2 

sphaerocarpum 68-

43Mu  
0.3 0.4 1.5 7.3 8.7 48.8 1.1 1.6 1.8 2.7 3 17 40.6 40.8 115 4.6 5.5 24 1.3 1.1 4.8 0.2 0.4 0.4 0.7 0.9 0.5 1 1 0.8 

toruloides 68-264  1.1 0.9 2.8 19.9 17.4 51.7 0.4 0.6 1.1 5.7 30.3 10.9 75 78.6 181 7.9 8.1 29.5 2.2 1.4 9.3 1.7 1.1 0.9 2.4 1.9 2.3 3 2.3 1.8 

Agaricomycotina; Tremellomycetes; Cuniculitremaceae 

Cuniculitrema                               

 polymorpha 82-13  0.1 0.1 0.2 7 5 23.2 0.6 0.4 0.7 1.7 1.4 5.6 25.5 18.8 56.3 5.9 4.1 13.2 2.1 0.9 2.9 0.1 0 0.1 0.5 0.4 0.3 0.4 0.3 1.4 

Agaricomycotina; Tremellomycetes; Filobasidiales 

Filobasidium                               

 floriforme 06-227 0.1 0.1 0.4 2.5 2.3 19.6 ND 0.1 0.5 1.1 1 5.7 8.5 8.3 31.8 1.8 1.3 24.5 0.3 0.3 2 0.2 0.1 0.2 0.1 0.1 0.5 0.1 0.1 0.3 

 floriforme 71-71  0.1 0.1 0.4 3.5 4.3 14.6 0.4 0.6 1 1.5 1.4 3.3 13.1 14.6 26.2 3.6 5.9 23.3 0.4 0.4 1.7 0.4 0.7 0.5 0.4 0.6 1.1 0.1 ND 0.3 

 globisporum 05-541  0.1 0.2 0.4 5.3 8.6 16.8 ND ND ND 1.6 2.1 4 15.3 28.2 16.9 4.1 4.9 15.9 0.4 0.4 1.5 0.4 0.2 1 0.3 0.4 0.7 ND ND ND 

aff. globisporum 83-

617.2 
ND ND ND 6 4.7 10.7 0.7 0.5 0 1.8 0.9 2.6 10.6 10.2 11.3 13.7 10 29.5 0.6 0.2 1.5 1 0.5 0 0.8 0.5 ND ND ND 1.7 

 inconspicuum 89-39  0.2 0.3 0.5 8.1 11.1 43.4 0.7 0.5 1.2 2.3 4.3 10.2 24.4 29.6 110 3.2 5.5 7.5 0.4 0.4 0.7 0.6 0.2 0.7 0.8 0.4 1 1 1.6 1.5 

Cryptococcus                               

 albidus 63-203 0.1 0.1 0.4 4.3 4 15.9 0.3 0.3 0.5 2.2 2.3 17 13.1 14.4 14.8 6.9 8.9 26.5 0.9 0.9 6.2 0.3 0.5 0.5 0.3 0.4 0.8 0.2 0.4 1.8 

 albidus 76-324.2  ND 0.1 0.2 4 4.9 14.8 0.2 0.3 0.3 5.1 4.8 13.7 13.6 19.2 27.8 5.8 6.3 21.6 0.7 0.5 1.6 0.1 0.5 0.3 0.3 0.5 0.6 0 0 0.2 

 gastricus 81-46  0.3 0.2 0.4 
13.

9 
11.2 33.9 0.8 0.7 0.8 3.4 2.9 6.5 30.6 29 50.8 9.7 7.2 28 0.4 0.3 0.6 0.6 0.6 0.3 0.7 0.7 0.3 1.3 1.2 1.7 

 magnus 10-900  1.2 2 0.7 
11.

8 
10.3 9 ND ND ND 1.4 0.8 4.6 0.2 0.7 1 2.9 2.4 1.1 0.2 0.1 0.6 0.7 0.3 1 0.4 0.2 0.6 ND ND ND 

 oeirensis 05-864  0.1 0.1 0.1 3 2.6 6.6 0.3 0.2 0.2 1.1 1 3.1 5.4 6.5 11.7 3.8 3 9 0.7 0.4 1.1 0.3 0.2 0.1 0.2 0.2 0.2 ND ND 0.2 

 terreus 61-443 0.6 ND 0.8 
33.

2 
23.9 71 5.2 ND 9.3 16.9 13.4 24.8 78.8 80.8 135 8.1 7.9 38.4 0.3 0 0.3 0.7 

11.

9 
3.6 0.9 6.3 0.9 1.4 ND 1.9 

Agaricomycotina; Tremellomycetes; Tremellales 

Cryptococcus                               

 aff. taibaiensis 73-

750 
0.2 ND 0.2 6.7 5.3 3.4 0.7 0.9 0.5 4.8 2.8 2 11.9 6.9 3.8 17.2 14.9 8.6 1.5 1.1 0.7 0.2 0.4 0.3 0.5 0.5 0.4 1 0.4 0.3 
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 flavescens 76-773.1 0.4 0.3 0.6 8.6 7.6 23.3 0.7 0.6 0.6 2.3 2.5 20.8 10.3 10.1 47.5 22.5 20.5 22.9 0.3 0.2 0.2 0.7 0.3 1.5 0.6 0.5 1.1 1.2 1.3 2.6 

 flavescens 76-106  0.2 0.1 0.3 7.3 5.4 12.8 0.6 0.4 0.5 2.8 2.3 10.8 0.2 0.2 20.6 14 12.3 14.2 0.4 0.2 0.4 0.8 0.4 0.7 0.7 0.5 1 1.3 0.9 2.7 

 aff. laurentii 68-

684.1  
ND 0.2 0.2 

15.

7 
4.5 10 ND 0.5 7.6 11 2.4 5.1 20.8 16.2 28.6 19.7 12.9 12.5 4.8 2.2 1.5 5.4 0.6 0.3 4.1 0.6 1.1 1.5 0.7 1.3 

 luteolus 82-434  0.2 0.2 0.3 5.8 5.9 17.7 0.4 0.4 0.6 3.9 4.2 12.2 22.9 22.9 49 4.8 4.1 19.8 0.5 0.1 0.3 0.1 0.1 0.7 0.1 0.2 1.4 1.1 1.4 2.8 

Filobasidium                                

cf. uniguttulatus 68-

873  
0.2 0.2 NA 3.7 4.9 NA ND 0.4 NA 2.2 2.6 NA 13.8 23.3 NA 3.1 6.8 NA 0.8 1.7 NA 0.8 0.5 NA 0.7 0.5 NA 0.4 0.7 NA 

Cryptococcus                               

 victoriae 10-939  0.2 0.3 0.3 9.3 11.9 14.8 3.7 3.1 4.7 6.7 11.6 10.8 22.6 24.1 31.6 4.1 3.7 2.8 0.5 0.5 0.5 0.6 0.2 0.5 0.5 0.3 0.4 0.9 0.7 0.7 

Hannaella                               

 aff. zeae 92-112  0.2 0.3 0.4 4.8 6.1 23.3 0.5 0.4 0.4 2.9 4.4 17.8 16.3 20.3 43.9 7.2 8.2 21.7 0.5 0.5 0.9 0.8 0.2 1.8 0.6 0.6 0.6 0.6 0.8 0.6 

Tremella                               

 aurantia  61-383  0.2 0.1 0.1 6.9 3.1 6.8 ND ND ND 2.7 1 2.2 19.7 10.3 21.4 3.5 1.4 1.8 0.3 0.5 0.5 0.3 0.5 0.1 ND ND 0.6 0.8 0.4 0.9 

 enchepala 68-887.2  0.2 0.3 0.3 
11.

5 
11.7 20.4 0.5 0.6 0.7 6 6.9 10 26.7 28.8 48.8 5.3 4.3 9.2 0.2 0.2 0.2 0.2 0.3 0.6 0.6 0.7 0.9 1.4 1.5 1 

Agaricomycotina; Tremellomycetes; Trichosporonales 

Cryptococcus                               

cf. curvatus 74-20  0.5 0.4 0.5 6 6.1 23.6 0.8 0.7 1 3 3.4 11.6 12.1 13.3 52.8 6.1 5.6 12.6 0.9 0.7 1.9 0.6 0.1 0.2 0.5 0.3 0.8 0.4 0.6 1.6 

 humicola 10-1004 2.1 2.3 1 
26.

1 
41.5 48.5 0.9 1.1 1.5 10.5 22.1 21.5 30.7 35.3 77.4 12.5 5.6 18.8 1.4 0.8 0.6 0.4 0.7 0.8 0.1 0.1 0.3 1.3 1.3 1.3 

 ramirezgomezianus 

544-11.224 
1.7 0.9 0.8 

33.

4 
26.4 32.6 2.3 1.2 1.2 25.8 29.1 29.2 69.1 67.6 88.6 5.4 4.5 35.4 0.9 0.5 1.9 1.2 1.5 1.3 1.6 0.6 1.1 3.6 3.2 3.7 

 wieringae 05-544 ND ND ND 8.1 6.1 6.7 ND ND ND 4.2 4 3.8 6.6 6.5 6.9 18.5 16.8 16.7 6.9 6.1 6.1 1.1 0.8 0.7 0.8 0.6 0.5 0 0.6 0.6 

Trichosporon                               

guehoae  60-59  0.8 0.5 0.5 
26.

8 
21.1 38.3 1.5 1.4 1.5 18.6 13.9 43.7 42 31.5 83.9 19.8 15.2 27.9 0.7 0.4 0.6 0 0.5 0.1 0.8 1.1 1.7 2.2 1.6 1.9 

Viridiplantae; Chlorellales; Chlorellaceae 

Prototheca                               

aff. zopfii10-495  ND ND 0.1 
16.

8 
5.5 6.4 ND ND ND 7.7 1.2 1.7 8.9 4.5 6.9 5.5 4.4 4.4 1.5 0.2 0.2 2.8 0.3 0.5 1.6 0.2 0.3 ND ND ND 

stagnora 91-462.4  0.1 0.1 0.2 7.2 5.1 10.1 2.1 2.8 6 4.7 2.6 6.2 9.8 9.6 23.5 11 7.5 13.3 0.2 0.2 0.4 0.1 0.1 0.3 0.5 0.4 0.5 0.3 0.2 1.3 

zopfii 72-160  0.1 0.1 0.2 7.7 7.9 8.5 0.6 0.8 1.1 5.6 5.6 7.5 15.1 20.4 42.8 8.7 8.8 7.3 0.3 0.2 0.2 0 0.1 0.2 0.9 1.6 1.7 0.5 0.5 0.7 

aff. zopfii var. 

hydrocarbonea 10-493  
ND 0.1 0.1 

15.

1 
7.7 8 ND ND ND 5.1 1.3 2.4 12 6.9 7.9 7.4 6.7 5.3 3.3 0.2 0.3 4.1 0.5 0.6 2.3 0.4 0.3 ND ND ND 

zopfii var. zopfii 60-

48 
ND 0.2 ND 

11.

9 
10.6 8.4 ND ND ND 5.3 7 5.2 9.7 8.6 12.3 16.6 12.7 8 0.9 1.6 0.7 4.8 1.5 0.5 3.5 ND 1 1.4 ND 0.3 
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Supplementary Table 3.  Proteomic values of MM at logarithmic growth condition compared to RM at logarithmic condition (center 

columns), and MM at stationary growth condition compared to RM at stationary condition (right columns). MM1 and MM2 denote 

the TIC values for the replicates of MM culturing conditions, while RM1 and RM2 denote the TIC value for replicates of RM 

culturing conditions. Each of those groups of TICs were averaged together AVG MM or AVG RM respectively). The Pnet value is the 

differential expression value, and the STAT0 is the 10% false discovery rate.  

  Gene Loci Subunit E.C. # Enzyme MM1 MM2 

AVG 

MM RM1 RM2 

AVG 

RM Pnet STAT0 MM1 MM2 

AVG 

MM RM1 RM2 

AVG 

RM Pnet STAT0 

  E_02090 

 

5.4.2.2 phosphoglucomutase 18.98 19.26 19.12 18.60 18.18 18.39 0.11 2.34 18.51 17.55 18.03 20.00 18.55 19.28 

-

0.29 7.26 

  E_02244 

  

  14.68 14.70 14.69 16.63 15.91 16.27 -1.42 0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  E_20207 

 

2.7.1.1 hexokinase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_15488 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  B_22308 

  

  15.06 16.84 15.95 0.00 0.00 0.00 MM 5.28 16.35 16.45 16.40 0.00 0.00 0.00 MM 0.00 

                                          

  D_07084 

  

glucose-6P- 1-

epimerase 15.46 17.83 16.65 16.81 16.65 16.73 -0.33 4.65 17.71 18.31 18.01 18.52 17.40 17.96 0.25 2.91 

                                          

  F_07711 

 

5.3.1.9 

glucose-6P- 

isomerase 18.93 19.30 19.12 19.37 18.91 19.14 -0.23 1.83 18.58 18.45 18.52 21.36 20.46 20.91 

-

1.00 0.82 

                                          

  A_15972 

 

3.1.3.11 

D-fructose 1,6 

bisphosphatase 19.63 19.21 19.42 19.59 19.15 19.37 -0.16 5.21 19.84 19.53 19.69 22.02 21.18 21.60 

-

0.63 1.18 

  D_16357 

  

6-

phosphofructokinase 19.63 19.21 19.42 19.59 19.15 19.37 -0.16 5.21 16.72 15.94 16.33 20.01 18.21 19.11 

-

0.78 2.06 

                                          

  E_26004 

 

4.1.2.13 

fructose-

bisphosphate 

aldolase 22.30 22.11 22.21 22.08 22.64 22.36 -0.19 2.57 22.32 21.92 22.12 24.42 24.16 24.29 

-

0.89 0.72 

                                          

  C_06369 

  

glyceraldehyde-3P-

dehydrogenase 

(NAD+) 24.12 24.21 24.17 23.28 22.96 23.12 0.39 1.13 23.84 23.93 23.89 25.61 25.45 25.53 

-

0.55 0.83 

                                          

  D_12400 

 

2.7.2.3 

phosphoglycerate 

kinase 21.51 21.45 21.48 21.30 21.59 21.45 -0.14 2.50 21.02 21.34 21.18 23.43 23.36 23.40 

-

0.84 1.03 

                                          

  B_02728 

 

5.4.2.1 

phosphoglycerate 

mutase 20.95 21.88 21.42 22.39 22.51 22.45 -0.85 1.29 22.41 22.52 22.47 24.90 24.72 24.81 

-

1.06 0.48 

  D_09229 

  

  20.95 21.88 21.42 22.39 22.51 22.45 -0.85 1.29 16.41 15.75 16.08 18.33 16.70 17.52 

-

0.05 4.63 

  D_16445 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 



 165 

                                          

  F_16819 

 

4.2.1.11 enolase 23.46 23.44 23.45 23.30 23.33 23.32 -0.10 2.39 23.96 23.78 23.87 25.42 25.08 25.25 

-

0.44 0.43 

                                          

  F_09185 

 

4.1.2.13 pyruvate kinase 19.54 20.04 19.79 18.38 17.90 18.14 0.83 0.94 18.96 17.45 18.21 22.77 21.92 22.35 

-

1.65 1.44 

                                          

  C_16995 

 

4.1.1.49 

phosphoenolpyruvate 

carboxykinase 19.48 20.07 19.78 21.74 20.91 21.33 -1.37 0.96 18.15 19.01 18.58 22.55 22.41 22.48 

-

1.78 1.02 

                                          

  F_00484 

 

2.7.1.30 glycerol kinase 18.61 19.36 18.99 18.43 18.38 18.41 0.10 5.03 17.67 17.02 17.35 20.78 20.06 20.42 

-

1.37 0.90 

                                          

  B_02948 

  

glycerol-3P-

dehydrogenase 

(NAD+) 19.58 20.07 19.83 18.52 18.59 18.56 0.59 0.86 18.58 18.24 18.41 20.76 19.56 20.16 

-

0.38 2.12 

                                          

  F_01584 

 

5.3.1.1 

triosephosphate 

isomerase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_05214 

  

  21.99 22.20 22.10 22.45 22.74 22.60 -0.60 0.97 22.02 22.45 22.24 24.56 24.16 24.36 

-

0.75 1.22 

                                          

  F_20702 α 1.2.4.1 

pyruvate 

dehydrogenase 21.47 21.94 21.71 20.70 21.15 20.93 0.02 3.39 21.00 21.33 21.17 23.25 22.42 22.84 

-

0.45 1.74 

  E_27005 β 

 

  21.39 21.45 21.42 20.90 21.39 21.15 0.00 3.61 20.36 21.19 20.78 23.31 22.96 23.14 

-

0.71 1.81 

                                          

  D_23683 

 

2.3.1.12 

pyruvate 

dehydrogenase 

(dihydrolipoamide) 19.42 19.32 19.37 19.54 19.08 19.31 -0.01 3.74 18.95 18.15 18.55 21.75 20.87 21.31 

-

1.02 1.34 

                                          

  D_20768 

 

1.8.1.4 

dihydrolipoamide 

dehydrogenase  18.92 18.68 18.80 19.84 19.43 19.64 -0.74 1.24 18.80 18.59 18.70 22.02 21.47 21.75 

-

1.60 0.28 

                                          

  D_10131 

  

pyruvate 

decarboxylase 15.85 16.17 16.01 18.54 18.07 18.31 -2.23 0.34 16.62 16.81 16.72 22.86 21.92 22.39 

-

3.33 0.36 

                                          

  B_01298 

 

1.2.99.3 

aldehyde 

dehydrogenase 

(acceptor) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.17 16.74 16.96 0.00 0.00 0.00 MM 1.44 

  C_03025 

  

(NAD+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_00264 

  

  17.20 16.15 16.68 17.30 17.11 17.21 -0.08 3.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_23793 

  

  19.20 19.06 19.13 17.93 16.58 17.26 0.54 2.15 18.56 18.96 18.76 19.82 19.19 19.51 

-

0.02 4.59 

                                          

  D_07942 

 

1.2.99.3 

aldehyde 

dehydrogenase 

acceptor 17.37 17.69 17.53 0.00 0.00 0.00 MM 0.12 17.54 17.68 17.61 0.00 0.00 0.00 MM 0.54 

  F_04444 

  

(NADP+) 18.02 18.37 18.20 14.60 14.98 14.79 2.45 0.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  F_05962 

 

6.2.1..1 

acetyl-CoA 

synthetase 18.92 19.27 19.10 19.90 18.77 19.34 -0.18 2.77 16.75 17.63 17.19 20.60 20.54 20.57 

-

1.38 1.25 

                                          

  D_25630 

 

1.2.1.3 

alcohol 

dehydrogenase I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_17787 

  

alcohol 

dehydrogenase II 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.30 17.70 18.00 RM 0.58 

  A_15147 

  

alcohol 

dehydrogenase III 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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  A_16379 

  

alcohol 

dehydrogenase III 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_09603 

  

long chain alcohol 

dehydrogenase 17.65 17.23 17.44 14.56 16.46 15.51 0.63 2.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  E_00638 

 

2.3.3.1 citrate synthase 17.34 16.95 17.15 17.05 15.12 16.09 0.42 5.55 15.32 14.57 14.95 19.76 17.45 18.61 

-

1.25 1.81 

  E_02684 

  

  21.09 21.58 21.34 21.77 21.65 21.71 -0.56 0.82 20.33 20.31 20.32 23.96 23.89 23.93 

-

1.99 0.25 

                                          

  D_24431 1 2.3.3.8 ATP citrate lyase 20.09 20.59 20.34 19.22 18.87 19.05 0.58 1.02 19.78 19.30 19.54 21.60 20.35 20.98 

-

0.11 3.35 

  E_34793 2 

 

  20.59 21.29 20.94 19.59 18.51 19.05 0.77 1.68 20.19 19.73 19.96 22.21 21.28 21.75 

-

0.46 1.77 

                                          

  D_09361 

 

4.2.1.3 aconitase 20.78 20.96 20.87 20.58 20.08 20.33 0.07 4.91 20.00 19.90 19.95 23.22 23.20 23.21 

-

1.72 0.32 

                                          

  F_04095 

 

1.1.1.42 

isocitrate 

dehydrogenase 

(NADP) 19.87 20.44 20.16 21.18 20.62 20.90 -0.77 1.15 20.72 20.61 20.67 23.45 22.92 23.19 

-

1.25 0.25 

                                          

  D_06303 2 

 

isocitrate 

dehydrogenase 

(NAD+) 20.88 21.26 21.07 20.61 20.41 20.51 0.06 2.44 21.25 20.70 20.98 23.47 21.95 22.71 

-

0.21 3.05 

  E_05137 1 

 

  19.40 19.66 19.53 19.87 19.60 19.74 -0.46 0.71 19.14 19.28 19.21 23.68 23.12 23.40 

-

2.38 0.27 

                                          

  E_16929 E2 

 

α-ketoglutarate 

dehydrogenase 17.93 17.41 17.67 18.37 17.44 17.91 -0.15 4.49 17.09 17.25 17.17 20.86 20.04 20.45 

-

1.63 0.56 

  E_33517 E1 

 

  17.89 18.09 17.99 18.58 17.20 17.89 -0.13 4.30 17.80 16.98 17.39 21.86 21.15 21.51 

-

2.04 0.77 

                                          

  D_04741 β 

 

succinyl-CoA 

synthetase (ADP 

forming) 19.72 19.08 19.40 19.98 19.56 19.77 -0.09 3.17 18.47 18.71 18.59 22.62 21.63 22.13 

-

1.75 0.69 

  E_24013 α 

 

  20.60 20.88 20.74 19.25 18.95 19.10 0.97 0.44 19.53 19.73 19.63 22.16 21.61 21.89 

-

0.94 0.71 

                                          

  D_11374 α 1.3.5.1 

succinic 

dehydrogenase 18.16 18.55 18.36 18.56 18.50 18.53 -0.44 0.66 16.99 15.86 16.43 21.86 21.80 21.83 

-

2.84 0.76 

  D_23397 β 

 

  20.52 20.79 20.66 19.67 20.09 19.88 0.12 2.58 19.34 19.61 19.48 22.33 22.37 22.35 

-

1.31 0.73 

                                          

  C_06776 

 

4.2.1.2 fumarase 17.91 19.38 18.65 20.21 19.78 20.00 -0.93 1.73 17.41 16.68 17.05 22.89 22.57 22.73 

-

3.26 0.44 

                                          

  D_16753 

 

1.1.1.37 

malate 

dehydrogenase 23.38 23.20 23.29 23.35 22.80 23.08 -0.23 8.44 22.60 23.00 22.80 25.61 25.04 25.33 

-

1.05 0.94 

  E_14190 

  

  21.58 21.98 21.78 21.65 21.43 21.54 -0.08 2.30 20.59 20.14 20.37 23.58 22.92 23.25 

-

1.34 0.67 

                                          

  E_15708 

 

2.3.3.9 malate synthase 18.67 19.11 18.89 17.61 17.28 17.45 0.75 0.75 19.06 19.19 19.13 21.47 19.92 20.70 

-

0.28 2.76 

  D_19140 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  C_16885 

 

4.1.3.1 isocitrate lyase 18.65 19.40 19.03 20.70 19.95 20.33 -1.15 1.13 18.60 19.31 18.96 22.29 22.50 22.40 

-

1.46 1.12 

                                          

  C_11407 

 

6.4.1.2 

acetyl-CoA 

carboxylase 19.07 19.38 19.23 18.44 16.58 17.51 0.32 2.76 17.00 16.75 16.88 20.27 19.38 19.83 

-

1.39 0.65 
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(Phosopfructokinase) 

  B_15059 β 2.3.1.8.6 fatty acid synthase I 19.21 19.43 19.32 19.20 17.43 18.32 0.13 4.13 18.90 18.21 18.56 21.48 20.67 21.08 

-

0.92 1.28 

  B_19382 α 2.3.1.8.6 fatty acid synthase II 19.25 19.79 19.52 19.16 18.42 18.79 0.06 3.21 18.85 17.45 18.15 22.06 21.17 21.62 

-

1.21 1.68 

  C_19965 

 

1.1.1.100 

3-oxoacyl-[acyl-

carrier protein] 

reductase FabG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_30679 

 

2.3.1.179 

3-oxoacyl-[acyl-

carrier-protein] 

synthase II FabF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  D_17864 

 

6.2.1.3 

long chain FA acyl-

CoA synthetase 18.21 17.69 17.95 16.06 15.53 15.80 1.00 1.33 16.18 15.66 15.92 18.60 17.37 17.99 

-

0.54 1.92 

                                          

  B_10406 

 

4.2.1.17 

short chain enoyl-

CoA hydratase 18.80 18.57 18.69 17.25 15.29 16.27 0.70 2.25 17.50 18.56 18.03 20.46 19.99 20.23 

-

0.49 2.42 

  E_18568 

 

2.3.1.16 

3-ketoacyl-CoA 

thiolase peroxisomal 

precursor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.29 18.59 17.94 21.97 20.53 21.25 

-

1.14 1.90 

  F_05963 

 

6.2.1.1 

acetyl-CoA 

synthetase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  D_17534   3.1.1.3 TAG lipase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Supplementary Table 4.  Proteomic values of MM at logarithmic growth condition compared to RM at stationary condition (center 

columns), and MM at logarithmic growth condition compared to RM at stationary condition (right columns). MM1 and MM2 denote 

the TIC values for the replicates of MM culturing conditions, while RM1 and RM2 denote the TIC value for replicates of RM 

culturing conditions. Each of those groups of TICs were averaged together AVG MM or AVG RM respectively). The Pnet value is the 

differential expression value, and the STAT0 is the 10% false discovery rate.  

  Gene Loci Subunit E.C. # Enzyme MM1 MM2 

AVG 

MM RM1 RM2 

AVG 

RM Pnet STAT0 MM1 MM2 

AVG 

MM RM1 RM2 

AVG 

RM Pnet STAT0 

  E_02090 

 

5.4.2.2 phosphoglucomutase 18.98 19.26 19.12 20.00 18.55 19.28 0.17 2.81 15.88 16.45 16.17 15.58 16.19 15.89 -0.69 5.45 

  E_02244 

  

  14.68 14.70 14.69 17.38 16.58 16.98 

-

0.89 0.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  E_20207 

 

2.7.1.1 hexokinase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_15488 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  B_22308 

  

  15.06 16.84 15.95 0.00 0.00 0.00 MM 0.00 16.35 16.45 16.40 0.00 0.00 0.00 MM 1.11 

                                          

  D_07084 

  

glucose-6P- 1-

epimerase 15.46 17.83 16.65 18.52 17.40 17.96 

-

0.28 4.70 17.71 18.31 18.01 16.81 16.65 16.73 0.03 1.41 

                                          

  F_07711 

 

5.3.1.9 

glucose-6P- 

isomerase 18.93 19.30 19.12 21.36 20.46 20.91 

-

0.53 1.25 18.58 18.45 18.52 19.37 18.91 19.14 -0.72 0.50 

                                          

  A_15972 

 

3.1.3.11 

D-fructose 1,6 

bisphosphatase 19.63 19.21 19.42 22.02 21.18 21.60 

-

0.55 1.81 19.84 19.53 19.69 19.59 19.15 19.37 -0.19 2.67 

  D_16357 

  

6-

phosphofructokinase 18.24 18.33 18.29 20.01 18.21 19.11 

-

0.55 1.81 16.72 15.94 16.33 15.87 15.84 15.86 -0.40 3.15 

                                          

  E_26004 

 

4.1.2.13 

fructose-

bisphosphate 

aldolase 22.30 22.11 22.21 24.42 24.16 24.29 

-

0.71 1.12 22.32 21.92 22.12 22.08 22.64 22.36 -0.15 1.21 

                                          

  C_06369 

  

glyceraldehyde-3P-

dehydrogenase 

(NAD+) 24.12 24.21 24.17 25.61 25.45 25.53 

-

0.29 1.28 23.84 23.93 23.89 23.28 22.96 23.12 0.02 1.60 

                                          

  D_12400 

 

2.7.2.3 

phosphoglycerate 

kinase 21.51 21.45 21.48 23.43 23.36 23.40 

-

0.63 1.09 21.02 21.34 21.18 21.30 21.59 21.45 -0.20 1.08 

                                          

  B_02728 

 

5.4.2.1 

phosphoglycerate 

mutase 20.95 21.88 21.42 24.90 24.72 24.81 

-

1.55 0.88 22.41 22.52 22.47 22.39 22.51 22.45 -0.22 0.81 

  D_09229 

  

  0.00 0.00 0.00 18.33 16.70 17.52 RM 3.24 16.41 15.75 16.08 16.10 14.58 15.34 1.07 5.11 

  D_16445 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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  F_16819 

 

4.2.1.11 enolase 23.46 23.44 23.45 25.42 25.08 25.25 

-

0.58 0.89 23.96 23.78 23.87 23.30 23.33 23.32 -0.07 2.63 

                                          

  F_09185 

 

4.1.2.13 pyruvate kinase 19.54 20.04 19.79 22.77 21.92 22.35 

-

1.10 0.78 18.96 17.45 18.21 18.38 17.90 18.14 -0.91 3.52 

                                          

  C_16995 

 

4.1.1.49 

phosphoenolpyruvate 

carboxykinase 19.48 20.07 19.78 22.55 22.41 22.48 

-

1.22 0.65 18.15 19.01 18.58 21.74 20.91 21.33 -1.87 0.58 

                                          

  F_00484 

 

2.7.1.30 glycerol kinase 18.61 19.36 18.99 20.78 20.06 20.42 

-

0.19 2.50 17.67 17.02 17.35 18.43 18.38 18.41 -0.89 0.59 

                                          

  B_02948 

  

glycerol-3P-

dehydrogenase 

(NAD+) 19.58 20.07 19.83 20.76 19.56 20.16 0.15 2.81 18.58 18.24 18.41 18.52 18.59 18.56 -0.36 0.68 

                                          

  F_01584 

 

5.3.1.1 

triosephosphate 

isomerase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_05214 

  

  21.99 22.20 22.10 24.56 24.16 24.36 

-

1.10 0.10 22.02 22.45 22.24 22.45 22.74 22.60 -0.19 1.14 

                                          

  F_20702 α 1.2.4.1 

pyruvate 

dehydrogenase 21.47 21.94 21.71 23.25 22.42 22.84 

-

0.09 2.87 21.00 21.33 21.17 20.70 21.15 20.93 -0.37 3.33 

  E_27005 β 

 

  21.39 21.45 21.42 23.31 22.96 23.14 

-

0.57 0.70 20.36 21.19 20.78 20.90 21.39 21.15 -0.25 1.90 

                                          

  D_23683 

 

2.3.1.12 

pyruvate 

dehydrogenase 

(dihydrolipoamide) 19.42 19.32 19.37 21.75 20.87 21.31 

-

0.52 1.48 18.95 18.15 18.55 19.54 19.08 19.31 -0.36 1.03 

                                          

  D_20768 

 

1.8.1.4 

dihydrolipoamide 

dehydrogenase  18.92 18.68 18.80 22.02 21.47 21.75 

-

1.32 0.78 18.80 18.59 18.70 19.84 19.43 19.64 -1.02 0.37 

                                          

  D_10131 

  

pyruvate 

decarboxylase 15.85 16.17 16.01 22.86 21.92 22.39 

-

4.11 0.24 16.62 16.81 16.72 18.54 18.07 18.31 -1.50 0.35 

                                          

  B_01298 

 

1.2.99.3 

aldehyde 

dehydrogenase 

(acceptor) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.17 16.74 16.96 0.00 0.00 0.00 MM 0.71 

  C_03025 

  

(NAD+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_00264 

  

  17.20 16.15 16.68 20.55 19.02 19.79 

-

0.76 2.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_23793 

  

  19.20 19.06 19.13 19.82 19.19 19.51 0.08 3.00 18.56 18.96 18.76 17.93 16.58 17.26 0.13 1.63 

                                          

  D_07942 

 

1.2.99.3 

aldehyde 

dehydrogenase 

acceptor 17.37 17.69 17.53 0.00 0.00 0.00 MM 0.14 17.54 17.68 17.61 0.00 0.00 0.00 MM 0.25 

  F_04444 

  

(NADP+) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.75 17.55 17.15 14.60 14.98 14.79 0.62 0.92 

                                          

  F_05962 

 

6.2.1..1 

acetyl-CoA 

synthetase 18.92 19.27 19.10 20.60 20.54 20.57 

-

0.34 1.23 16.75 17.63 17.19 19.90 18.77 19.34 -1.19 0.80 

                                          

  D_25630 

 

1.2.1.3 

alcohol 

dehydrogenase I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  E_17787 

  

alcohol 

dehydrogenase II 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.19 16.54 16.87 RM 0.80 

  A_15147 

  

alcohol 

dehydrogenase III 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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  A_16379 

  

alcohol 

dehydrogenase III 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_09603 

  

long chain alcohol 

dehydrogenase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.43 16.48 16.46 14.56 16.46 15.51 0.98 3.06 

                                          

  E_00638 

 

2.3.3.1 citrate synthase 17.34 16.95 17.15 19.76 17.45 18.61 

-

0.32 5.51 15.32 14.57 14.95 17.05 15.12 16.09 -0.26 1.71 

  E_02684 

  

  21.09 21.58 21.34 23.96 23.89 23.93 

-

1.17 0.59 20.33 20.31 20.32 21.77 21.65 21.71 -1.69 0.06 

                                          

  D_24431 1 2.3.3.8 ATP citrate lyase 20.09 20.59 20.34 21.60 20.35 20.98 0.02 3.65 19.78 19.30 19.54 19.22 18.87 19.05 -0.41 9.04 

  E_34793 2 

 

  20.59 21.29 20.94 22.21 21.28 21.75 0.02 3.96 20.19 19.73 19.96 19.59 18.51 19.05 0.60 3.52 

                                          

  D_09361 

 

4.2.1.3 aconitase 20.78 20.96 20.87 23.22 23.20 23.21 

-

1.03 0.54 20.00 19.90 19.95 20.58 20.08 20.33 -0.47 0.67 

                                          

  F_04095 

 

1.1.1.42 

isocitrate 

dehydrogenase 

(NADP) 19.87 20.44 20.16 23.45 22.92 23.19 

-

1.51 0.49 20.72 20.61 20.67 21.18 20.62 20.90 -0.29 0.90 

                                          

  D_06303 2 

 

isocitrate 

dehydrogenase 

(NAD+) 20.88 21.26 21.07 23.47 21.95 22.71 

-

0.24 2.63 21.25 20.70 20.98 20.61 20.41 20.51 -0.33 4.21 

  E_05137 1 

 

  19.40 19.66 19.53 23.68 23.12 23.40 

-

2.30 0.14 19.14 19.28 19.21 19.87 19.60 19.74 -0.71 0.43 

                                          

  E_16929 E2 

 

α-ketoglutarate 

dehydrogenase 17.93 17.41 17.67 20.86 20.04 20.45 

-

0.97 1.38 17.09 17.25 17.17 18.37 17.44 17.91 -0.43 0.98 

  E_33517 E1 

 

  17.89 18.09 17.99 21.86 21.15 21.51 

-

1.95 0.29 17.80 16.98 17.39 18.58 17.20 17.89 -0.46 2.15 

                                          

  D_04741 β 

 

succinyl-CoA 

synthetase (ADP 

forming) 19.72 19.08 19.40 22.62 21.63 22.13 

-

0.83 1.69 18.47 18.71 18.59 19.98 19.56 19.77 -1.14 0.43 

  E_24013 α 

 

  20.60 20.88 20.74 22.16 21.61 21.89 

-

0.17 1.31 19.53 19.73 19.63 19.25 18.95 19.10 -0.13 2.27 

                                          

  D_11374 α 1.3.5.1 

succinic 

dehydrogenase 18.16 18.55 18.36 21.86 21.80 21.83 

-

1.90 0.32 16.99 15.86 16.43 18.56 18.50 18.53 -1.36 0.66 

  D_23397 β 

 

  20.52 20.79 20.66 22.33 22.37 22.35 

-

0.50 1.07 19.34 19.61 19.48 19.67 20.09 19.88 -0.27 1.01 

                                          

  C_06776 

 

4.2.1.2 fumarase 17.91 19.38 18.65 22.89 22.57 22.73 

-

1.78 1.20 17.41 16.68 17.05 20.21 19.78 20.00 -2.43 0.35 

                                          

  D_16753 

 

1.1.1.37 

malate 

dehydrogenase 23.38 23.20 23.29 25.61 25.04 25.33 

-

0.64 1.22 22.60 23.00 22.80 23.35 22.80 23.08 -0.19 1.14 

  E_14190 

  

  21.58 21.98 21.78 23.58 22.92 23.25 

-

0.35 1.25 20.59 20.14 20.37 21.65 21.43 21.54 -1.17 0.38 

                                          

  E_15708 

 

2.3.3.9 malate synthase 18.67 19.11 18.89 21.47 19.92 20.70 

-

0.35 2.34 19.06 19.19 19.13 17.61 17.28 17.45 0.72 0.46 

  D_19140 

  

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

                                          

  C_16885 

 

4.1.3.1 isocitrate lyase 18.65 19.40 19.03 22.29 22.50 22.40 

-

1.56 0.83 18.60 19.31 18.96 20.70 19.95 20.33 -0.83 0.82 

                                          

  C_11407 

 

6.4.1.2 

acetyl-CoA 

carboxylase 19.07 19.38 19.23 20.27 19.38 19.83 0.04 3.28 17.00 16.75 16.88 18.44 16.58 17.51 -0.40 1.92 
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(Phosopfructokinase) 

  B_15059 β 2.3.1.8.6 fatty acid synthase I 19.21 19.43 19.32 21.48 20.67 21.08 

-

0.52 1.08 18.90 18.21 18.56 19.20 17.43 18.32 -1.15 4.45 

  B_19382 α 2.3.1.8.6 fatty acid synthase II 19.25 19.79 19.52 22.06 21.17 21.62 

-

0.72 1.15 18.85 17.45 18.15 19.16 18.42 18.79 -0.40 1.99 

  C_19965 

 

1.1.1.100 

3-oxoacyl-[acyl-

carrier protein] 

reductase FabG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  F_30679 

 

2.3.1.179 

3-oxoacyl-[acyl-

carrier-protein] 

synthase II FabF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  D_17864 

 

6.2.1.3 

long chain FA acyl-

CoA synthetase 18.21 17.69 17.95 18.60 17.37 17.99 0.03 3.96 16.18 15.66 15.92 16.06 15.53 15.80 -0.24 2.38 

                                          

  B_10406 

 

4.2.1.17 

short chain enoyl-

CoA hydratase 18.80 18.57 18.69 20.46 19.99 20.23 

-

0.25 2.15 17.50 18.56 18.03 17.25 15.29 16.27 0.39 1.79 

  E_18568 

 

2.3.1.16 

3-ketoacyl-CoA 

thiolase peroxisomal 

precursor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.29 18.59 17.94 18.53 18.20 18.37 -0.33 1.88 

  F_05963 

 

6.2.1.1 

acetyl-CoA 

synthetase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  D_17534   3.1.1.3 TAG lipase 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

 


