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Thesis Abstract 

     Oleaginous red yeasts are capable of producing an array of useful bioproducts including 

triacylglycerides (TAGs) for biodiesel and carotenoids for nutraceuticals. The previously under-

characterized oleaginous red yeast, Rhodotorula diobovata, was the focus of this research. This 

study first examines the effect of aeration on R. diobovata grown under nitrogen-limiting 

conditions. Results showed a link between nitrogen-limitation and the onset of TAG synthesis, 

and a link between oxygen-limitation and the onset of carotenoid synthesis. To understand the 

molecular basis of these results, and R. diobovata’s productivity under varying culture 

conditions, the genome was sequenced, assembled, annotated and compared with other 

oleaginous yeasts in relation to their TAG and carotenoid biosynthesis. Amino acid sequence 

alignments of key proteins in the de novo fatty acid and carotenoid biosynthesis pathways 

revealed core differences between R. diobovata and other oleaginous non-carotenogenic yeasts 

such as Yarrowia lipolytica and Lipomyces starkeyi. A dot-plot analysis of the nucleotide 

sequences of key genes in the de novo fatty acid and carotenoid biosynthesis pathways revealed 

multiple inversions and frame shifts between the phenotypically similar R. graminis WP1 and R. 

diobovata. The availability of the annotated genome allowed for a robust proteomic investigation 

of R. diobovata conditions across growth phases under nitrogen- and oxygen- limiting 

conditions. Nitrogen- and oxygen-limitation across growth phases resulted in elevated levels of 

NADPH supplying proteins and downregulation of acetyl-CoA supplying proteins, which 

resulted in an overall reduction of fatty acid synthesis. The carotenoid biosynthetic pathways 

were however upregulated resulting in increased concentrations of carotenoids. This implies that 

the flux of acetyl-CoA favoured isoprenoid biosynthesis over fatty acid biosynthesis under 

nitrogen- and oxygen- limiting conditions across growth curve. Overall, this work presents the 
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first publicly available whole genome sequence and annotation of R. diobovata. It provides 

valuable data on comparative genomics and proteomics analyses, which can be utilized in the 

engineering of Rhodotorula diobovata to maximize their TAG and carotenoid productivity. 
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Chapter 1: Thesis overview 

1.1.  Research Objectives  

The long-term objective of this research was to maximize the potential of the oleaginous 

yeast, Rhodotorula diobovata 08-225 as a producer of triacylglycerides (TAGs, also referred to 

as neutral lipids) and carotenoids for the biodiesel and nutraceutical industries in Canada, using a 

multi-omic approach. The specific objectives of the research were to: 1) examine the effect of 

culture conditions on TAG and carotenoid synthesis in R. diobovata; 2) sequence and annotate 

the R. diobovata genome; 3) identify the key enzymes of the lipid/TAG and carotenoid synthesis 

pathways in R. diobovata; 4) compare these identified enzymes with those from other oleaginous 

yeasts; and 5) examine the proteomic profile of R. diobovata across its growth curve to suggest 

possible improvements  for TAG and/or carotenoid yields.  

1.2.  Research Motivation 

 Single-cell oils for biodiesel production have been widely researched, with a focus on 

algal oils and oils from a few oleaginous yeasts. In addition to their lipid producing capability, 

oleaginous red yeasts are capable of producing carotenoids. While Rhodotorula toruloides, a 

well-studied oleaginous red yeast, has become a biotechnological ‘workhorse’, many others in 

this genus have been left under-characterized. Munch et al. [2015] revealed the high lipid 

productivity of the under-characterized oleaginous red yeast, R. diobovata relative to other 

oleaginous yeasts, and this formed the premise for research into the molecular basis of TAG 

productivity by R. diobovata. 

1.3. Thesis structure 

 This thesis is presented in a sandwich thesis format. Every chapter is a standalone 

manuscript that has been/will be submitted to peer-reviewed journals. Chapter 2, the literature 
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review chapter, provides relevant information about red oleaginous yeasts, culture conditions 

that influence them, biosynthesis of carotenoids and lipids, and gaps in the multi-omic study and 

engineering of these yeasts. To avoid redundancy, Chapter 3 outlines the materials and methods 

common to more than one chapter.  Chapter 4 focuses on the influence of aeration and nitrogen- 

limitation on lipid and carotenoid synthesis in Rhodotorula diobovata. It reveals the types of 

fatty acids and carotenoids synthesized under these conditions. To understand the molecular 

basis of carotenoid and lipid production in R. diobovata, the genome was sequenced and 

annotated. This is reported in Chapter 5, which also reviews differences between the genomes of 

R. diobovata and other oleaginous species, with focus on their TAG and carotenoid biosynthesis 

pathways. Chapter 6 reveals the proteomic profile of R. diobovata under nitrogen- and oxygen-

limiting conditions across growth phases. Following this, Chapter 7 provides a summary of the 

body of the thesis, the significance of the work, and suggests future directions.  
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Chapter 2: Literature Review 

2.0. Preface 

This review chapter contains a few sections from an invited book chapter: “Fakankun, I., 

Mirzaei, M., Levin, D. B., [2019]. Impact of culture conditions on neutral lipid production by 

oleaginous yeast, in: Balan, V. (Eds), Microbial Lipid Production. Methods in Molecular 

Biology. Humana, New York, vol. 1995 pp. 311-325. https://doi.org/10.1007/978-1-4939-9484-

7_18.” Some parts of Section 2.1, all of Sections 2.2 and 2.3, have been published in this book 

chapter. 

2.1. Introduction 

Non-renewable fossil fuels are presently ubiquitous because they are abundant, 

transportable, and low cost compared to other alternatives. These factors drive the continued use 

of fossil fuels as the main source of energy, but at a cost to environmental and climate stability. 

Environmental concerns, along with the long-term availability of fossil fuels, have encouraged 

research into alternative fuel sources, which includes biofuels [Koroneos et al., 2003; Ridley et 

al., 2012]. It has been projected that at the current rate of consumption, all current oil reserves 

may be completely depleted within a few centuries [Shafiee & Topal, 2009]. Although a few 

centuries seem to be a long time, the need to develop alternative sources of transportation fuels is 

urgent because of the alarming rate of carbon dioxide (CO2) accumulation in the atmosphere due 

to fossil fuel combustion, and its contribution to global climate change [Abdullah & Mehmet, 

2015].  

Biodiesel derived from plant oils has been demonstrated as a potential alternative to 

petroleum diesel. It is produced by transesterification of TAGs, which yields monoalkyl esters, 

also known as Fatty Acid Methyl Esters (FAME) and Fatty Acid Ethyl Esters (FAEE) [Meng et 
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al., 2009]. Biodiesel has several advantages over petroleum-derived diesel, such as lower carbon 

monoxide emissions, lower sulfur content, higher combustion efficiency, higher cetane number, 

and higher biodegradability [Saxena et al., 1998].  

Production of biodiesel is not without its challenges: TAG feedstocks required for 

biodiesel synthesis are primarily derived from vegetable oils, so biodiesel production competes 

with their use for human food; their production requires large land areas for cultivation, and the 

biodiesel produced may not meet existing quality standards for transportation fuels, such as cold 

weather performance [Muniyappa et al., 1996; Vicente et al., 2009]. To address the “food/feed 

versus fuel” issue, research on the use of second-generation feedstock, i.e. non-edible oils, for 

biodiesel production was intensified [Chhetri et al., 2008]. However, even the use of non-edible 

oil feedstocks for biodiesel production has several limitations: production of non-edible oil crops 

still requires large land areas for cultivation and is highly dependent on weather conditions, as 

well as the geopolitical climate [Donot et al., 2014].   

Oleaginous red yeasts are capable of synthesizing and accumulating TAGs of over 20% 

of their dry cell weight [Beopoulos et al., 2011]. In addition to biodiesel application of TAGs, 

they can be used in the production of cocoa butter equivalent material [Donot et al., 2014] and 

polyunsaturated fatty acids useful for nutritional and medical purposes [Cohen & Ratledge, 

2005]. These yeasts belonging to the subphylum Pucciniomycotina, also have an orange-red-pink 

coloration conferred upon them by the presence of various carotenoids, which are equally 

important bioproducts in the nutraceuticals and food industries. Some genera under this category 

include Sporobolomyces, Sporidiobolus, Rhodotorula, and Xanthophyllomyces [Buzzini, et al., 

2007]. These yeasts have several advantages over other sources including the ease of culturing, 

unicellular structure and high growth rate, the fast rate at which they can synthesize and 
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accumulate lipids, the low cost of the media needed for their growth [Li et al., 2007], their 

potential to grow on a plethora of substrates [Papanikolaou, 2012; Munch et al., 2015] and thrive 

under varied culture conditions.  

2.2 Oleaginous Yeasts 

The multi-functional application of these yeasts compel investigations into their 

molecular biology and pathways. Here, we review the concept of oleaginicity, how culture 

conditions influence yield and lipid profile, fatty acid and carotenoid biosynthesis pathways, 

their synchronization and gaps with emphasis on multi-omic studies. More than 40 of the 1600 

known species of yeasts have been determined to be oleaginous [Sitepu et al., 2013]. They 

belong to the genera Yarrowia, Candida, Rhodotorula, Rhodosporidium, Crytococcus, 

Trichosporon, and Lipomyces [Ageitos et al., 2011]. A few species have been well characterized, 

including Cryptococcus albidus, Cryptococcus curvatus, Lipomyces starkeyi, Rhodotorula 

glutinis, Rhodotorula graminis, and Yarrowia lipolytica. The TAG content and fatty acid profiles 

of these oleaginous yeast species have been elucidated in different research studies under 

different growth conditions [Sitepu et al., 2014].  

Triacylglyceride accumulation and FAME profiles varies between species: for example, 

Cryptococcus curvatus is capable of growing in media containing glycerol and producing biomass 

of up to 118 g/L [Iassonova et al., 2008]. It can accumulate TAGs to greater than 58% (w/w) of its 

dry cell weight (dcw), of which 28% is palmitic acid (C16:0), 15% is stearic acid (C18:0), and 

48% is oleic acid (18:1) [Iassonova et al., 2008]. Lipomyces starkeyi is capable of utilizing xylose, 

ethanol, L-arabinose, and glucose as its carbon source and can accumulate TAGs to up to 63% 

dcw, of which 33% is palmitic acid and 55% is oleic acid [Li et al., 2008]. Rhodotorula glutinis 

can produce biomass as high as 180 g/L, and accumulate TAGs to 72% dcw using glucose as its 
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main carbon source [Ageitos et al., 2011]. Rhodosporidium toruloides is capable of utilizing corn 

hydrolysate as a carbon source and accumulating TAGs up to 76% dcw, of which about 24% is 

palmitic acid and 55% is oleic acid [Li et al., 2008]. Munch et al., [2015] compared the TAG 

accumulation of Rhodosporidium babjevae and Rhodosporidium diobovatum with 40 g/L of 

glycerol as the carbon source. R. babjevae accumulated TAGs to about 35% dcw, of which 24% 

was palmitic acid, 38% was oleic acid, 16% was linoleic acid (C18:2). R. diobovatum accumulated 

TAGs to about 64% dcw, of which 28% was palmitic acid, 33% was oleic acid, and 20% was 

linoleic acid. Finally, in 40 g/L of glycerol as substrate, Y. lipolytica was shown to accumulate 

TAGs up to 31% dcw, of which 55% was oleic acid, 11% was palmitic acid, 10% was linoleic acid 

and 9% was oleic acid [Sestric et al., 2014]. Biodiesel can be ideally a mixture of long chain fatty 

acids, short chain monounsaturated fatty acids and polyunsaturated fatty acids to maximize the 

benefits of these classes of fatty acids and mitigate the disadvantages [Deshmukh et al., 2019]. 

While palmitic acid is a saturated fatty acid, oleic acid is a monounsaturated fatty acid and linoleic 

acid is a polyunsaturated acid. 

2.3.         Important Parameters for Cellular Activity and Lipid Production 

  Many factors that affect the yeast productivity have been studied. These factors include 

carbon (C) and nitrogen (N) sources, their concentrations, the C/N ratio, temperature, pH, aeration 

rate, mineral elements, inorganic salts, and inhibitors. The effect of each factor varies with the 

yeast strain and its growth phase [Woodbine, 1959; Rattray et al., 1975; Rattray, 1988; Ratledge, 

2002; Thiru et al., 2011; Sitepu et al., 2014; Munch et al., 2015]. 

2.3.1. Carbon Sources 

To optimize the lipid accumulation process, it is important to select a suitable carbon 

source. Oleaginous yeasts can grow and synthesize TAGs on a wide variety of carbon sources. 
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Sugars, organic acids, alcohols, phenyl alkanes, n-alkanes, oils, and coal have been reported as 

carbon sources in the literature [Makula et al., 1975; Olukoshi & Packter, 1994; Alvarez et al., 

1996; Füchtenbusch et al., 2000; Kavadia et al., 2001; Xian et al., 2001; Alvarez & Steinbüchel, 

2002; Sitepu et al., 2013; Freitas et al., 2014]. However, to keep the costs of production low, it is 

desirable to utilize “waste” carbon sources derived from agriculture or industry by-product streams 

(Table 2.1). 

Glucose is the most common carbohydrate used as a carbon source for yeast growth and 

productivity [Zhao et al., 2008; Sitepu et al., 2014]. However, many studies have reported the use 

of carbon sources other than glucose, such as arabinose [Kurtzman et al., 2011; Wiebe et al., 2012], 

mannose [Hansson & Dostálek, 1986; Saenge et al., 2011; Sitepu et al., 2014], mannitol [Hansson 

& Dostálek, 1986], ethanol [Zhang et al., 2010], xylose [Heredia & Ratledge, 1988; Zhao et al., 

2008; Hu et al., 2011; Gong et al., 2012; Freitas et al., 2014], lactose [Daniel et al., 1999], galactose 

[Sitepu et al., 2014], cellobiose [Gong et al., 2012; Sitepu et al., 2014], whey [Moon et al., 1978; 

Liang & Jiang, 2013], starch [Guerzoni et al., 1985; Tanimura et al., 2014], and glycerol [Morita 

et al., 2007; Zhu et al., 2013]. Waste glycerol produced as a by-product of industrial processes may 

be used as a carbon source by yeasts to synthesize many chemicals that can be used as precursors 

for synthesis of other chemicals or as final products [Papanikolaou et al., 2002; Papanikolaou et 

al., 2008; Papanikolaou & Aggelis, 2009; Leoneti et al., 2012; Santos et al., 2012; Silva et al., 

2012; Santos et al., 2013; Zhu et al., 2013].                                
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  Table 2.1. Oleaginous yeasts grow and accumulate lipids on waste derived substrates. 

 

 
 

2.3.2. Carbon to Nitrogen (C/N) Ratio 

Depletion of one or more nutrients, such as nitrogen, in the presence of excess carbon in 

the culture medium can trigger the transition of yeast cells from growth phase to a TAG 

production and accumulation phase [Lundin 1950; Woodbine, 1959; Rattray, 1988; Ratledge 

1989; Turcotte & Kosaric 1989; Meng et al., 2009].  As the nitrogen source is exhausted during 

exponential growth phase, carbon will be consumed and stored as fatty acids within intracellular 

lipid bodies [Beopoulos et al., 2011; Galafassi et al., 2012]. Most oleaginous yeast species 

accumulate higher total fatty acids in culture media containing higher C/N ratios, but only up to a 

Oleaginous yeast Substrate in culture medium TAG 
accumulation 
(% cell dry 

weight) 

Reference 

Cryptococcus curvatus Spent yeast from brewery 

industry 

37.7 [Ryu et al., 2012] 

Lipomyces starkeyi Spent yeast cell mass 

hydrolysates 

30.8 [Yang et al., 2014] 

Rhodotorula glutinis Crude glycerol from biodiesel 

plant 

60.7 [Saenge et al., 2011] 

Rhodosporidium babjevae Biodiesel derived waste 

glycerol 

24.2 [Munch et al., 2015]  

Rhodosporidium 

diobovatum 

Biodiesel-derived waste 

glycerol 

50.3 [Munch et al., 2015]  

Yarrowia lipolytica Palm oil mill effluent 48-61 [Cheirsilp & 

Louhasakul, 2013] 

Yarrowia lipolytica Serum latex 8-13 [Cheirsilp & 

Louhasakul, 2013]  

Yarrowia lipolytica Biodiesel-derived waste 

glycerol 

31.0 [Sestric et al. 2014] 
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certain point. For example, as was reported by Kraisintu et al. [2010], lipid accumulation by 

Rhodosporidium toruloides DMKU3-TK16 was greater in media containing a C/N ratio of 140 

compared to C/N ratios of 115, 90, and 65. The corresponding TAG accumulation in these 

cultures were 4.23, 4.13, 3.24, and 2.71 g/L, respectively [Kraisintu et al., 2010]. However, this 

is not a general trend and has a limit, as high carbon concentrations can also inhibit the growth of 

cells [Pedersen 1961; Pedersen 1962; Angerbauer et al., 2008; Beopoulos et al., 2011; Karatay & 

Dönmez, 2010; Kraisintu et al. 2010; Kumar et al., 2010; Chatzifragkou et al., 2011; Kitcha & 

Cheirsilp, 2011; Chang et al., 2013; Raimondi et al., 2014]. Kraisintu et al. [2010] reported that 

the lowest biomass production (6.79 g/L) was observed in cultures containing a C/N ratio of 140, 

while the greatest cell mass production was observed in cultures containing a C/N ratio of 65 

(10.52 g/L). 

2.3.3. Nitrogen Sources 

The type of nitrogen source can have an influence on total TAG synthesis accumulation, 

as well as on the fatty acid profiles of the TAGs [Evans & Ratledge, 1984; Fei et al., 2011; 

Sitepu et al., 2013]. Sitepu et al. [2013] reported that greater TAG yields can be induced by 

nitrogen-limitation in oleaginous yeasts. It has been widely reported that inorganic nitrogen 

sources (ammonium sulfate and ammonium chloride, for example) support good cell growth, but 

do not support high levels of TAG synthesis and accumulation. In contrast, organic nitrogen 

sources such yeast extract and peptone appear to stimulate TAG production and have less effect 

on the growth of yeast cells [Husain & Hardin 1952; Huang et al., 1998; Kumar et al., 2010].  

2.3.4. Minerals and Inorganic Salts 

It has been known for quite some time that mineral elements and inorganic salts, such as 

calcium, iron, magnesium, phosphorus, potassium, sodium, sulfur, and zinc are essential for 
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yeast cellular activity and TAG production [Spencer et al., 1997; Beopoulos et al., 2011; Yong-

Hong et al., 2006]. In addition to nitrogen-limitation, limiting concentrations of phosphorus, 

sodium, or sulfate can also induce oleaginous yeasts to synthesize TAGs as energy storage 

molecules [Rattray et al., 1975; Papanikolaou et al., 2002; Somashekar et al., 2003; Wu et al., 

2010].  

2.3.5. Aeration Rate 

Aeration is well known as an essential factor for yeast growth and TAG accumulation 

[Thiru et al., 2011]. However, the influence of aeration (oxygen concentration) varies with yeast 

species [Rattray et al., 1975; Choi et al., 1982; Duarte et al., 2014]. In some yeast strains, 

oxygen-limitation can enhance the proportion of saturated fatty acids incorporated into TAGs, 

while low oxygen concentration in some yeasts can result in an increase in the incorporation of 

unsaturated fatty acids into the TAGs [Valero et al., 2001; Duarte et al., 2014]. Thus, the 

relationship between oxygen concentration, oxygen demand, and fatty acids synthesis must be 

considered an important factor to in the overall productivity of TAGs [Choi et al., 1982; Turcotte 

& Kosaric, 1989]. 

2.3.6. Temperature  

Different oleaginous yeast species have different optimum temperatures for cell growth, 

and temperature can also influence TAG accumulation, and the fatty acids profile of the TAGs 

produced. Mostly, the optimum temperature is in the range of 25 °C to 30 °C, and temperatures 

that are too high or too low can affect cell productivity. In general, depending on yeast species, 

higher cultivation temperatures enhance the incorporation of saturated fatty acids in the TAGs, 

whereas lower cultivation temperatures favor incorporation of unsaturated fatty acids [Bass & 

Hospodka, 1952; Kates & Baxter, 1962; Kates & Paradis, 1973; McMurrough & Rose, 1973; 
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Amaretti et al., 2010].  However, some oleaginous yeasts do not grow well at low temperatures, 

but warming large cultures in bioreactors to increase growth rate can increase the costs of 

production [Beopoulos et al., 2011; Fei et al., 2011; Sitepu et al., 2013].  

2.3.7.       pH 

 Selection of an oleaginous yeast strain that is naturally resistant to different pH levels 

during growth culture is highly desirable [Kessell, 1968; Turcotte & Kosaric, 1989; Karatay & 

Dönmez, 2010; Fei et al., 2011; Sitepu et al., 2014]. Many yeast strains with tolerance to low pH 

are now used to convert agro-industrial wastewaters with low pH to TAG products that are very 

useful in both biofuel production and food industry. An advantage of this strategy is that lower 

pH can inhibit bacterial growth in mixed populations, but does not affect the growth of the yeast 

cells (which have low pH tolerance), nor their ability in converting agro-industrial waste 

products to TAGs [Miller & Webb, 1954]. 

2.3.8. Effects of Inhibitors on Oil Productivity 

Some of the by-products of lignocellulosic biomass pretreatment, with acid and/or steam 

explosion, to release fermentable sugars contain toxic compounds that can affect the cellular 

activity and TAG accumulation of oleaginous yeasts [Sitepu et al., 2014]. Resistance to various 

types of inhibitors has been known as one of the main factors for selection of oleaginous yeasts 

for biotechnological production in industry [Chen et al., 2009; Hu et al., 2009; Yu et al., 2011; 

Sitepu et al., 2014]. Chemical agents such as 5-(hydroxymethyl) furfural (HMF), furfural, acetic 

acid, formic acid, levulinic acid, lignin derivatives (sodium lignosulfonate and vanillin) [Zhao et 

al., 2012], and p-benzaldehyde [Palmqvist & Hahn-Hägerdal 2000a; Palmqvist & Hahn-

Hägerdal 2000b; Zhang et al., 2010; Parawira & Tekere 2011] are known to be toxic to yeasts 
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and can inhibit cell growth, and consequently, TAG synthesis [Chen et al., 2009; Hu et al., 2009; 

Kraisintu et al., 2010; Zhang et al., 2010; Qi et al., 2014]. 

2.4. Generation of acetyl-CoA for the biosynthesis of fatty acids and carotenoids. 

The fatty acid de-novo biosynthesis pathway and the carotenoid biosynthesis pathway in 

oleaginous red yeast share a common precussor: acetyl-CoA [Zhu et al., 2013]. Despite acetyl- 

CoA being compartmentalized in the mitochondria, cytosol, peroxisome, and nucleus [Nielsen, 

2014], cytosolic and mitochondrial acetyl-CoA are the most relevant to fatty acid and carotenoid 

biosynthesis [van Rossum et al., 2016]. This is because oleaginous yeasts possess a transport 

system which is capable of shuttling acetyl-CoA from the mitochondria to the cytosol, where it is 

needed for fatty acid and carotenoid biosynthesis. Acetyl-CoA in the mitochondria is converted 

to citrate by citrate synthase, which is then transported out of the mitochondria into the cytosol 

via the citrate shuttle system [Ratledge, 2002]. Citrate in the cytosol is acted upon by ATP:citrate 

lyase (ACL) to regenerate acetyl-CoA [Rodriguez, et al., 2016]. It is therefore imperative that the 

generation of cytosolic acetyl-CoA in oleaginous yeast is upregulated to ensure a corresponding 

production of fatty acids and carotenoids. 

Generation of acetyl-CoA via carbohydrate metabolism has been studied. The impact of 

different carbon sources including glucose, sucrose, fructose, xylose, glycerol, etc. on the growth 

and synthesis of  TAGs and carotenoids by oleaginous yeasts has also been studied [Enshaeieh et 

al., 2012; Munch et al., 2015; Xu & Liu, 2017; Nasirian et al., 2018], with the most favoured 

being glucose. These carbon sources employ different pathways which then integrate into the 

synthesis of pyruvate via glycolysis [Xu & Liu, 2017; Park et al., 2018]. A number of enzymes 

are involved in the synthesis of acetyl-CoA from pyruvate;  Aldehyde dehydrogenase; Pyruvate 

dehydrogenase; Pyruvate decarboxylase; Acetyl-CoA synthethase; and ATP:citrate lyase (Figure 
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1). While oleaginous red yeasts possess these enzymes, non-oleaginous yeast such as 

Saccharomyces cerevisiae are missing the acl1 gene that codes for ATP:citrate lyase. In addition 

to the carbohydrate metabolism pathways for synthesizing acetyl-CoA, Vorapreeda et al. [2012] 

outlined three (3) additional metabolic routes for acetyl-CoA synthesis: fatty acid b-oxidation; 

leucine metabolism; and lysine degradation. These metabollic routes work together for lipid 

accumulation based on the culture conditions of the oleaginous yeast. Vorapreeda et al. [2012]  

identified orthologous sequences that point to a relationship between lipid, amino acid, and 

carbohydrate metabolism in the synthesis of acetyl-CoA.  

 

 

Figure 2.1. Cytosolic acetyl-CoA synthesis via carbohydrate metabolism. PDA, Pyruvate 
dehydrogenase; CIT, Citrate synthase; CTP, Citrate transporter; ACL1, ATP:Citrate lyase; PDC, 
Pyruvate decarboxylase; ALD1, Aldehyde dehydrogenase; ACS, Acetyl-CoA synthethase; ACH, 
Acetyl-CoA hydrolase; ACC, Acetyl-CoA caroxylase; ERG10, Acetyl-CoA acetyltransferase. 
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2.5. De-novo fatty acid biosynthesis 

TAGs may be synthesized via the de novo fatty acid pathways using hydrophilic 

substrates, or via the fatty acid ex novo synthesis (degradation) pathway using hydrophobic 

substrates [Papanikolaou & Aggelis, 2011]. The first step to accumulating TAGs in oleaginous 

yeasts is the exhaustion of nutrients in the culture within 24-48 hours. While assimilation of 

carbon continues, carbon converts to TAGs via several biochemical steps. Nitrogen-limitation 

has been well-established as a trigger for de novo fatty acid biosynthesis [Sitepu et al., 2013], but 

limitations of phosphorus, zinc, and iron have also been found to enhance fatty acid synthesis 

[Granger et al., 1993].  

After nitrogen is exhausted from the system, Adenosine monophosphate (AMP-) 

deaminase is activated. This is described as a short-term measure to alleviate the effect of the 

nitrogen-limitation [Ratledge, 2002]. The AMP concentration rapidly declines thereafter, due to 

the action of AMP deaminase. As a result of low AMP concentrations, Isocitrate dehydrogenase 

activity in the mitochondria is also reduced, resulting in a build-up of isocitrate. Consequently, 

isocitrate equilibrates with citrate, resulting in an increase in intracellular citrate concentrations. 

Citrate then exits from the mitochondrion and is cleaved by the enzyme, ATP:Citrate lyase in the 

cytosol, which generates acetyl-CoA, the starting point of fatty acid synthesis. Oxaloacetate, 

another product from the cleavage of citrate, is converted to malate, which is then converted to 

pyruvate in the presence of Malic enzyme. Malic enzyme then generates NADPH, which is 

necessary for the reduction of the acetyl-group for the biosynthesis of the fatty acid (Figure 2) 

[Ratledge, 1992].  

Biochemically, the “oleaginicity” of a microorganism is defined by the presence of 

certain key enzymes: Isocitrate dehydrogenase: Adenosine triphosphate (ATP):Citrate lyase; 
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Malic enzyme, and Fatty acid synthase [Ratledge, 1992]. While all oleaginous microorganisms 

studied to date possess the acl1 gene (coding for ATP:Citrate lyase), its presence does not 

convey an oleaginous phenotype in all microorganisms. Unpublished data from our lab revealed 

that the number of acl genes encoded by different oleaginous microorganisms varies greatly. 

There is one (1) acl gene in the genomes of Rhodotorula species, similar to animals where ACL 

is encoded by a single gene [Nowrousian et al., 2000], 6 genes in the genome of A. oryzae; 7 

genes in the genome of R. opacus, and oleaginous Ascomycetes have 2 genes acl1 and acl2 

encoding ACL [Shen, et al., 2016]. A direct link between lipogenesis and the presence of acl 

genes should, theoretically, result in an upregulation of the ACL enzyme during the lipid-

accumulation phase, which usually occurs during the stationary phase of growth, but this is not 

always the case. Gene expression analyses showed an upregulation of ACL in the lipogenic 

phase of R. toruloides cultures [Zhu et al., 2012], but ACL was downregulation in the 

oleaginous, but non-carotenogenic yeast, Y. lipolytica [Fabiszewska et al., 2019]. This may be 

connected with the structure of their acl genes, which is discussed further in Chapter 5. In 

addition, genome-scale modelling has linked ACL enzyme activity in lipogenic conditions with 

C/N ratio and the carbon source utilized [Lopes et al., 2020].  

Malic enzyme had previously been identified as the major supplier of NADPH, which is 

important in the reduction of acetyl-units used as the backbone of fatty acids. Its activity in 

certain oleaginous species, including Y. lipolytica, L. starkeyi, and some Candida sp., however, 

remains unclear because Y. lipolytica possesses only mitochondrial malic enzyme [Ratledge 

1992; Zhang et al., 2013]. This concern has been extensively reviewed by Ratledge [2014], who 

concluded that an alternative route for the generation of NADPH could be from the pentose 

phosphate pathway (PPP) (Figure 3) or cytosolic Isocitrate dehydrogenase. The PPP has also 
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been linked to NADPH supply in other oleaginous microorganisms, including Chlamdomonas 

reinhardtii, Mucor circinelloides, and Rhizopus oryzae [Chen et al., 2015]. 

These alternative pathways alone are at best speculative as they do not seem to fulfill the 

total requirement for NADPH in the fatty acid biosynthesis (de novo synthesis) pathway 

[Ratledge, 2014]. Comparative genomics analysis, described in Chapter 5,  shows a difference 

between the NADP+ conserved domain site in the Malic enzyme of oleaginous ascomycete 

species, which are non-carotenogenic, versus that in oleaginous red pucciniomycotina species. 

The NADP-ME conserved region sequence in the Ascomycete, Y. lipolytica, has been linked to 

its preference for NAD+ over NADP+ [Zhang, et al., 2013]. An inactivation of the Malic enzyme 

gene in Y. lipolytica had no significant influence on fatty acid synthesis [Dulermo et al., 2015]. 

This does not, however, invalidate the link between Malic enzyme and fatty acid biosynthesis in 

other oleaginous Rhodotorula species [Zhang et al., 2016].  
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Figure 2.2. Biosynthesis of triacylglycerols. ME/MAE, Malic enzyme; MDH, Malate 
dehydrogenase; OAA, oxaloacetate; PDA, Pyruvate dehydrogenase; CIT1, Citrate synthase; 
CTP1, Citrate transporter; NADPH, Nicotinamide Adenine Dinucleotide Phosphate (reduced); 
NADP+,  Nicotinamide Adenine Dinucleotide Phosphate (oxidized); ACL, ATP:Citrate lyase; 
IDH, Isocitrate dehydrogenase (based on Ratledge and Wynn, 2002). 
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Figure 2.3. Pentose Phosphate Pathway. G-1-P, glucose 1-phosphate; G-6-P, glucose-6-
phosphate; 6-PGL, 6-phosphoglucolactonate; 6-PG, 6-phosphogluconic acid; Ru-5-P, ribose-5-
phosphate; Ri-5-P, Ribulose-5-phosphate; S-7-P, Sedoheptulose-7-phosphate; G-3-P, 
glyceraldehyde-3-phosphate; E-4-P, erythrose-4-phosphate; F-6-P, fructose-6-phosphate; HXK, 
Hexokinase; ZWF1, Glucose-6-phosphate dehydrogenase; PGLS, Phosphoglucolactonase; 
GND2, 6-phosphogluconate dehydrogenase, decarboxylating 2 ; RKI, Ribulose-5-phosphate 
isomerase; RBKS, Ribokinase; TKL1, Transketolase; TAL1, Transaldolase (based on Zhu et al., 
2012). 

 

2.6. Multi-omic investigations of oleaginous red yeasts 

Oleaginous microorganisms do not follow a specific lipid biosynthesis route [Ratledge, 

2014] and the differences between the pathways may be attributed to evolutionary distance and 

structural changes in some of the enzymes [Vorapreeda et al., 2013]. In an attempt to understand 

the concept of oleaginicity in these yeasts, ‘omics investigations, starting with genome sequence 

information, present a viable path for improved understanding of these pathways and provide 

useful tools for genetic engineering. In the comparative proteomics analysis of R. toruloides, S. 

cerevisiae, and C. albidus, Shi et al. [2013] admitted that they had remarkable challenges with 

regards to their data analysis as they searched the yeast strains against ‘microorganism’ on the 

database rather than searching against a specific model microbe. Prior to the genome sequencing 

and annotation of R. toruloides, Liu et al., [2009] identified 184 proteins based on the database of 

Saccharomyces cerevisiae. Post genome annotation, Zhu et al. [2012] identified 3,108 proteins, 

Glu

G-6-P

F-6-P

6-PGL 6-PG Ru-5-P
HXK1, HXK2

ZWF1 PGLS

NADPH NADPH
PGI1

GND2
G-1-P

PGM Ri-5-P
RKI1

X-5-P

D-Ribose
RBKS

S-7-P G-3-P

TKL1 F-6-PE-4-P

TAL1

Pyruvate



 19 

equivalent to a 17-fold increase over previous datasets. While R. toruloides remains the most 

studied oleaginous red yeast, more genome sequencing projects involving other red yeasts are 

gradually gaining prominence. Recent genome sequencing of 28 strains of R. mucilaginosa from 

the international space station [Daudu et al., 2020] classify it as an emerging pathogen based on 

catheter-related fungaemia study in immunosuppressed patients [Miceli et al., 2011]. The 

genome size of R. paludigena was 20.6 Mbp, similar to other Rhodotorula species [Gosalawit et 

al., 2020]. Comparative genomic analysis of R. glutinis ZHK with R. diobovata, R. toruloides, R. 

graminis, and R. taiwanensis showed orthologous genes that have been retained through strong 

purifying natural selection [Li et al., 2020].  The whole genome sequences of these red yeasts are 

publicly available on NCBI.  

Transcriptomics has been used to validate the completeness of genome assembly [Zhu et 

al., 2012], study fatty acid biosynthesis gene expression regulation by intronic promoters in 

Rhodotorula species [Liu et al., 2016], examine the gene expression profile of R. toruloides 

grown on dual substrates [Bommareddy et al., 2016], and identify regulatory and stress-resistant 

genes [Wen et al., 2020]. Transcriptomics alone has its limitations, as proteins are largely the 

molecules that perform biological functions. Thus, proteomics analyses are essential to bridge 

the gap between genotype and phenotype. Zhu et al. [2012], conducted a multi-omic 

investigation of oleaginous and carotenogenic yeast,  R. toruloides, and found no transcriptional 

regulation of the cytosolic NADP+-dependent ME. Proteomic analyses, however, suggested that 

these genes were regulated post-transcriptionally, as significantly higher levels were found for 

the malic enzyme protein. This result suggested that the regulation of ME could be complicated, 

and also underscores that the relationship between transcription and translation of a gene may not 

be linear. 
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2.7. Carotenoid biosynthesis  

Goodwin [1993] reviewed the carotenoid biosynthetic pathways and outlined three steps 

involved in the synthesis of carotenoids from acetyl-CoA (Figure 4). The first step involves the 

conversion of acetyl-CoA to 3-hydroxy-3-methyl glutaryl-CoA (HMG-CoA), which is catalyzed 

by HMG-CoA synthase. HMG-CoA is then converted into a C6 compound, mevalonic acid 

(MVA), which is the first specific precursor of the terpenoid biosynthetic route. MVA is further 

converted into isopentenyl pyrophosphate (IPP) by a series of reactions involving 

phosphorylation by MVA kinase followed by decarboxylation. IPP is the subunit unit for 

building terpenoids [Sandmann, 2001].  

The second step involves the conversion of the relatively unreactive IPP to its more 

reactive electrophile isomer, dimethylallyl pyrophosphate (DMAPP) by the enzyme isopentenyl 

pyrophosphate isomerase. This is followed by the sequential addition of three IPP molecules to 

DMAPP. These reactions are catalyzed by Prenyl-transferase to yield the C20 compound geranyl 

geranyl pyrophosphate (GGPP), which is the direct precursor of mono-, di-, and triterpenes, and 

carotenoids. Condensation of two molecules of GGPP leads to phytoene (the first C40 carotene 

of the pathway), which undergoes desaturation to form lycopene.   

In the third and final step, lycopene acts as a precursor of cyclic carotenoids and 

undergoes a number of metabolic reactions (e.g. cyclization, desaturation) to form β-carotene, γ-

carotene, torulene, torularhodin, and astaxanthin. Rhodotorula glutinis could employ either 

lycopene or neurosporense as a precusor of cyclic carotenoids [Hayman et al., 1974].  

Frengova and Beshkova, [2009] outlined the pathways from γ-carotene to astaxanthin 

through echinenone, 3-OH-echinenone and phoenicoxanthin in Phaffia rhodozyma (also known 

as Xanthophyllomyces dendrorhous). An alternate pathway for astaxanthin synthesis was from 
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torulene through 4-keto-torulene, 3,3’-dihydroxy- β,j-carotene-4-one (HCDO), and 3,3’-

dihydroxy- β, γ -carotene-4,4’dione (DCD). While the most abundant carotenoids in many 

oleaginous red yeasts are β-carotene, γ-carotene, torulene, and torularhodin, astaxanthin is the 

most abundant carotenoid biosynthesized in Phaffia rhodozyma [Andrewes, Phaff, & Starr, 

1976]. 

Total carotenoids produced have been reported to be influenced by several factors 

including carbon/nitrogen ratio, aeration, pH, temperature, light, presence of metal ions and type 

of sugar [Aksu & Eren, 2005; Aksu & Eren, 2007; Saenge et al., 2011; Tang et al., 2019; 

Pinheiro et al., 2020]. Culture conditions as well as cell growth phase also impact the type of 

carotenoid synthesized by oleaginous red yeasts. Carotenoid synthesis has been linked to the 

exponential phase of growth in Rhodosporidium diobovatum [Nasirian et al., 2018], while 

Schneider, et al. [2013] reported a link between carotenoid synthesis and stationary phase of 

growth in Rhodotorula glutinis. Asthaxanthin concentrations have also been linked to the late-

log to stationary phase in P. rhodozyma [Zhang, et al., 2020].  

Under normal growth conditions, Hayman et al. [1974] alluded to increased activity of 

neurosporene-cyclizing enzymes compared to neurosporene-dehydrogenating enzymes, 

suggesting that growth conditions influenced the concentrations of β-carotene, torulene, and 

torularhodin.  During the fermentation of Sporidiobolus pararoseus, concentrations of γ-carotene 

and β-carotene gradually declined as torulene concentrations increased. Since γ-carotene is a 

precussor to both β-carotene and torulene (Figure 4), research revealed that the torulene flux was 

favoured as cell growth proceeded into the stationary phase and lipid concentrations were 

increased [Han et al., 2016].  
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Torulene and torulahordin have been reported to be powerful antioxidants more potent in 

quenching peroxyl radicals than b-carotene [Buzzini, et al., 2007]. To protect the cells from 

oxidative damage caused by increased lipid concentrations, Han et al. [2016] concluded that the 

flux of γ-carotene transitioned towards a more potent antioxidant – torulene. It is therefore 

logical when flux changes result in decline in the production of β-carotene in favor of torulene 

and torularhodin. However, Ghilardi et al. [2020] reported that torulene and torularhodin 

concentrations increased in R. mucilaginosa while β-carotene concentrations remained constant 

under increasing stress conditions. There could be structural differences in the genome of these 

oleaginous red yeasts that cause them to act differently at different growth phases, favouring 

torulene and torularhodin production over β-carotene or vice versa. More work is however 

required to investigate this hypothesis.  

 As in many other fungal species, analysis of the R. mucilaginosa genome revealed that 

the carotenoid biosynthsis genes Phytoene synthase (crtB), Lycopene cyclase (crtY), and 

Phytoene desaturase (crtI) are in close proximity on the same contig, while Geranylgeranyl 

pyrophosphate synthase (bts1) was located on a separate contig [Tang et al., 2019]. The crtX 

gene, encoding Carotenoid oxygenase and crtYB ( which code for the bifunctional Phytoene 

synthase/Lycopene cyclase enzyme) are also in close proximity and convergently transcribed in 

Rhodotorula species, except in R. mucilaginosa where they are divergently transcribed [Gan et 

al., 2017].  This type of differences in gene arrangement and transcription may be responsible for 

the type and amount of carotenoids produced.  

An overexpression of crtYB gene in Xanthophyllomyces dendrorhous resulted in 

increased synthesis of β-carotene [Verdoes, et al., 2003]. β-carotene concentrations have also 

been increased by transforming β-carotene genes, HMG1, crtI, crtE, and crtYB into R. glutinis 
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genome [Pi, et al., 2018]. Culture conditions have also been tweaked to influence carotenoid 

production in Rhodotorula species. β-carotene biosynthesis was improved in cultures of R. 

glutinis exposed to light, with sodium acetate as the carbon source [Gong et al., 2020].  

Homologues of the Phytoene synthase genes car1 and car2 were identified in the R. toruloides 

genome. These genes showed increased transcription levels with exposure to light and 

consequently, increased carotenoid biosynthesis [Pham, et al., 2020]. 

 
Figure 2.4. Carotenoid biosynthesis in oleaginous red yeasts. ERG10, Acetyl-CoA 
acetyltransferase; ERG13, Hydroxymethylglutaryl-coA synthase; HMG1, 3-hydroxy-3-
methylglutaryl-coA reductase; ERG12, Mevalonate kinase; ERG8, Phosphomevalonate kinase; 
MVD1, Diphosphomevalonate decarboxylase; IDI1, Isopentenyl-diphosphate delta-isomerase; 
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ERG20, Farnesyl pyrophosphate synthetase; BTS1(CRTE), Geranylgeranyl pyrophosphate 
synthase; PSY1(CRTB), Phytoene synthase; CRTI, Phytoene desaturase; CRTYB(CRTY), 
Bifunctional Lycopene cyclase/Phytoene synthase. 

 2.8. Genetic manipulations and their effects on the fatty acid and carotenoid biosynthesis 

Genetic manipulations are useful in improving synthesis of important bioproducts and 

researching oleaginous red yeast. DNA insertional mutagenesis by Agrobacterium-mediated 

transformation (AMT) is a popular genetic tool used in red oleaginous yeast [Liu et al., 2016] 

and a clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated 

gene, Cas9) system has been recently developed for gene editing in R. toruloides [Jiao et al., 

2019]. To ascertain the importance of Phytoene synthase, the crtI gene encoding Phytoene 

synthase in R. toruloides was inactivated, resulting in white transformants. These transformants 

turned red again after a CRTI-expressing cassette was introduced [Sun et al., 2017]. R. toruloides 

has been engineered for increased TAG production by overexpressing Acetyl-CoA carboxylase 

(ACC) and Diacylglycerol acyltransferase [Zhang et al., 2016], over-expressing Stearoyl-CoA 

desaturase [Zhang et al., 2016b], and an over-expression of the ME1 gene [Wang, et al., 2018].  

Induction and repression of genes linking acetyl-CoA to fatty acid and carotenoid 

biosynthesis has been examined. Chaturvedi et al. [2020] overexpressed ACC1 and repressed 3-

hydroxy 3-methylglutaryl reductase (HMG-CoA reductase) in R. mucilaginosa. Their results 

showed an increase in TAG production by 57% when HMG-CoA reductase was repressed and 

ACC1 was induced using 200 mM rosuvastin (inhibitor) followed by 1 mM citrate (inducer). An 

increase in concentration of the inducer by 2 mM, while keeping the inhibitor concentration 

constant, resulted in increased TAG production by 62%. This approach blocks one pathway 

causing carbon and electron flux to another: in this case, lipid synthesis over carotenoid 

synthesis. Non-oleaginous yeasts have also experienced increase in lipid production when ACC1 

from oleaginous yeasts were over-expressed in them. This is observed in the 40% increase in the 
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non-oleaginous yeast Hansenula polymorpha [Ruenwai et al., 2009], a three-fold increase in E. 

coli reported by Meng, et al. [2011], and a six-fold increase in E. coli reported by Davis et al. 

[2000].  

Tran et al. [2019] discovered that a newly isolated R. toruloides (the authors failed to 

include a strain number) obtained from the Department of Biochemistry, at the University of 

Science, Vietnam National University (Ho Chi Minh City, Vietnam) was capable of producing 

small quantities of the high-value carotenoid, astaxanthin. Tran et al. [2020] then enhanced the 

astaxanthin producing capability of this yeast by mutagenesis using UV-light and gamma 

irradiation. 

2.9. Conclusion 

Oleaginous red yeast have the potential to become biotechnological workhorses. To 

maximize the potential of these yeasts, more work needs to be done on multi-omic 

investigations, and creating genetic engineering tools to enhance their nataural capability as 

producers of useful bioproducts. This thesis focuses on the under-characterized oleaginous red 

yeast, Rhodotorula diobovata. Here, we examine the combined effects of aeration and nitrogen-

limitation on its lipid and carotenoid production. This was followed by the first publicly 

available whole genome sequence and annotation of R. diobovata and comparative genomics 

analysis as it relates to the lipid and carotenoid biosynthesis. Recovered genomic differences 

may be useful in genetic engineering of the yeast for improved productivity. Finally, an 

examination of the proteomic profile of the yeast across its growth curve provides insight into 

how culture conditions influence gene product expressions. 
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Chapter 3: Materials and Methods 

3.0. Preface 

      To avoid redundancy, materials and methods that are common to more than one chapter are 

discussed in this Chapter. Methods that are specific to one chapter are discussed in that chapter.  

3.1. Yeast strain and pre-culture conditions 

      Rhodotorula diobovata, UCDFST 08-225 was obtained from the Phaff Yeast Culture 

Collection, University of California, Davis (UCDFST). Cells were revived in YPD broth (20 g/L 

dextrose, 10 g/L yeast extract, and 20 g/L peptone), incubated at 30 °C for 48 hours (hrs). The 

inoculum was streaked on YPD agar plates containing 20 g/L dextrose, 10 g/L yeast extract, 20 

g/L peptone, and 15 g/L agar, and incubated at 30 °C for 24 hrs. Single colonies from the agar 

plate were inoculated into 100 mL nitrogen-limiting preculture media (GMY) containing 3 g/L 

yeast extract, 8 g/L KH2PO4, 0.5 g/L MgSO4.H2O, and 40 g/L glucose.  Preculture was incubated 

by shaking (150 rpm) in an orbital shaker incubator at 30 °C for 48 hrs.  

3.2. Analysis of cell growth  

      Cell growth was monitored spectrophotometrically at 600 nm (OD600) and cell biomass was 

harvested by centrifugation. Samples were centrifuged at 2,500 x g for 10 min using a Sorvall 

RC6 Plus centrifuge with a Sorvall SH-3000BK rotor (Thermo Scientific, USA). Pelleted cells 

were washed with deionized water, centrifuged again and water decanted. Cell pellets were 

dried at 60 °C for 24 h and weighed to determine the dry cell weight (dcw). 

3.3. Substrate concentrations 

      Ammonium ion concentrations (NH4+) were quantified using a Lachat Quick Chem 8500 

instrument (Ontario, Canada), according to ammonia method 10-107-06-1-I. Supernatants 

previously stored for this purpose were diluted five-fold with deionized water and filter 
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sterilized. Data were processed using the Omnion software. Dissolved oxygen (DO) was 

measured using the dissolved-oxygen probe (Model DO-166 MT-1 SXS, Lazar Research 

Laboratories, Los Angeles, CA, USA). Before the measurements, the DO probe was calibrated 

following the manufacturer’s instructions. A two-point calibration was carried out; 0% DO and 

100% DO. 0% DO was achieved by preparing a solution of sodium sulfite and cobalt nitrate, 

while 100% DO calibration was performed in air-saturated water.  Dextrose concentrations were 

quantified using a Waters Breeze HPLC, equipped with a 300 mm x 7.8 mm HPX-87H Ion 

Exclusion (Aminex) maintained at 45 °C with 5 mM H2SO4 as the mobile phase at a flow rate of 

0.6 mL/min. All samples were diluted ten times with deionized water to prevent the overloading 

of the column and produce clear peaks. Data were analyzed using the Waters Breeze 2 software. 

3.4. Neutral lipid extraction and fatty acid composition 

      The lipid extraction and transesterification of fatty acids were carried out as described by 

Bligh and Dyer [1959], with modifications by Sestric et al. [2014]. Lipids were extracted from 

lyophilized biomass by boiling 10–20 mg dried biomass in 2 mL of 15% concentrated H2SO4 in 

methanol, and 2 mL of a solution of 0.5 mg/mL methylheptadecanoic acid (C17) used as an 

internal standard (Nu-Chek Prep Inc., USA), in chloroform for 5–6 hrs. Deionized water (1 mL) 

was added to the mixture and left to stand under the fume hood overnight to ensure a separation 

of the organic layer. An aliquot (1 mL) of fatty acid methyl esters (FAMEs) in chloroform was 

extracted and analyzed by gas chromatography (GC). FAMEs in chloroform were analyzed using 

an Agilent 7890A gas chromatograph (GC) with a split-splitless injector, and a flame ionization 

detector with a split ratio of 1:10. Separation of target molecules was achieved using a DB-23 

capillary column (30 m × 320 μm × 0.25 μm; Agilent, California, USA). The carrier gas was 

helium, at a flow rate of 1.8 mL/min. The initial oven temperature was set at 75 °C for 4 min and 
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was then increased from 75 to 250 °C with increments of 20 °C/min, with a final hold at 250 °C 

for 4 min. A Supelco 10 component FAME mix (Sigma-Aldrich) was used as a standard for peak 

identification and calculation of different fatty acids. 

3.5. Carotenoid extraction and quantification 

      Carotenoids were extracted from 10-20 mg lyophilized biomass by disrupting the yeast cell 

wall mechanically using a “bead-beater” (Fisherbrand Bead Mill 24 Homogenizer). Dry biomass 

was measured into 1.5 mL Eppendorf tubes containing 0.25 mm glass beads and 1 mL of 

methanol. Cells were disrupted using the bead-beater in 3 cycles for 30 seconds (s), with cooling 

on ice for 30 s between cycles. This was followed by centrifugation at 2,500 x g for 10 min to 

separate the beads from the carotenoids dissolved in methanol. Supernatants were collected in 

glass vials and carotenoids were analyzed on a UHPLC (Thermofisher Vanquish UHPLC). The 

column was a Phenomenex Kinetex C18 column (100 x 0.6 mm), with 100 Å pore size. The 

method was set at a 100% mobile phase made up of 65% acetonitrile; 25% methylene chloride; 

10% methanol for 20 minutes (min) at a flow rate was 0.5 mL/min. The column was maintained 

at 30 °C and UV-Vis @ 480 nm. Standard curves were generated using a dilution series of mixed 

carotenoids, consisting of b-carotene, g-carotene, torulene, torularhodin (CaroteNature, Basil, 

Switzerland), dissolved in methanol. The standard peaks were quantified and used for the 

identification of the carotenoid compounds synthesized by R. diobovata and for the calculation 

of carotenoid concentrations. 
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Chapter 4: Influence of aeration on the synthesis of neutral lipids and carotenoids in 

Rhodotorula diobovata grown under nitrogen-limiting conditions 

4.0. Preface  

 This study has been submitted as a manuscript to Letters in Applied Microbiology. The 

experiments were designed, and the manuscript was written, by the PhD candidate, Irene 

Fakankun. The manuscript was revised by the candidate’s PhD supervisor, Dr. David Levin.  

4.1. Significance and Impact of the Study  

 Triacylglycerides (TAGs, also referred to as neutral lipids) and carotenoid synthesis and 

accumulation are known to be influenced by culture conditions, including aeration. This study 

shows a link between the onset of oxygen-limitation and carotenoid synthesis, and confirms a link 

between the onset of TAG synthesis and nitrogen-limitation in Rhodotorula diobovata. The data 

presented highlights how aeration impacts TAG and carotenoid productivity, as well as substrate 

consumption. 

4.2. Abstract  

The influence of aeration on Rhodotorula diobovata grown in nitrogen-limiting cultures 

was studied. Cells grown under oxygen-limitation produced over 20% of their dry cell weight 

(dcw) as TAGs at 96 hours post-inoculation (hrs pi), while cells grown under oxygen-enhancement 

produced up to 17% of their dcw as lipids at 120 hrs pi. Although this suggests that oxygen-

limitation favours TAG production, the total biomass under oxygen-enhanced conditions was 2.2-

times that produced under oxygen-limited conditions, resulting in higher overall TAG productivity 

under oxygen-enhanced conditions. Carotenoid synthesis began after the dissolved oxygen 

concentrations reached zero under both experimental conditions, with yields reaching 13.8 mg/g 

dcw at 120 hrs pi under oxygen-limited conditions, and 15.6 mg/g dcw at 96 hrs pi under oxygen-
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enhanced conditions. While the onset of carotenoid synthesis was linked to oxygen-limitation, 

overall production of carotenoids was greater under oxygen-enhanced conditions. These data 

confirm a link between nitrogen-limitation and the onset of TAG synthesis in R. diobovata and a 

link between oxygen-limitation and the onset of carotenoid synthesis. 

4.3. Introduction 

      Rhodotorula diobovata (Basionym Rhodosporidium diobovatum) is an oleaginous, red 

marine yeast, that has the ability to concomitantly synthesize quality single cell oils for biodiesel 

production and carotenoids for the food industry. R. diobovata is capable of producing high 

concentrations of cell biomass with high cell-specific yields of TAGs when grown on waste 

substrates such as biodiesel-derived waste glycerol [Munch et al., 2015]. This characteristic 

makes this yeast even more attractive, because a reduction in the cost of the substrate will have a 

positive effect on the cost of biodiesel production.  

      Factors including carbon and nitrogen sources, carbon and nitrogen ratios, minerals, salts, 

pH, temperature, presence of inhibitors, and aeration rate are known to influence of cell 

productivity [Newell and Hunter, 1970; Fakankun et al., 2019]. R. diobovata and other 

oleaginous species have been studied for their capability to produce TAGs under nitrogen-

limiting conditions, while the carbon source is still sufficient [Ratledge, 2002]. Assimilation of 

carbon continues and is converted to TAGs via a number of biochemical steps.  

      The Oxygen Transfer Rate (OTR) from gas to liquid is also a key factor that influences the 

growth rate and biomass production in many microorganisms [Meilhoc et al., 1990; Blunt et al., 

2017], including Rhodotorula species [Kvasnikov et al., 1978]. Dissolved oxygen concentrations 

have also been demonstrated to effect levels of gene expression in carotenoid biosynthetic 

pathways [Hagi et al., 2015]. Despite numerous studies on the effects of aeration on the 
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productivity on oleaginous yeasts, there are no reports of the impact of aeration on the 

bioproduction of both TAGs and carotenoids in R. diobovata. This research, therefore, examines 

the combined impact of nitrogen- and oxygen-limitation on nutrient consumption, cell growth, 

and synthesis of neutral lipids and carotenoids by R. diobovata.   

4.4. Materials and Methods 

4.4.1. Yeast strain and culture conditions 

      The yeast strain and pre-culture methods were described in Section 3.1. Following 

preculture, cells were cultured in 500 mL Erhlenmyer flasks containing 350 mL autoclaved 

GMY medium inoculated with precultured cells equivalent to 0.02 optical density (OD600). 

Cultures were incubated at room temperature (23 oC) for 120 h on a shaking incubator (100 

rotations min-1 = rpm). Flasks were divided into two sets: oxygen-limited conditions versus 

oxygen-enhanced conditions. The oxygen-limited condition was achieved by growing the cells in 

500 mL flasks on a shaking incubator at 100 rpm, without bubbling air through the culture 

medium. The oxygen-enhanced condition was achieved by growing the cells in 500 mL flasks on 

the same shaking incubator at 100 rpm in addition to bubbling filtered atmospheric air through 

the culture media. These seemingly small differences in the experimental set-up were chosen to 

examine how effects of small changes in aeration may impact the synthesis of biomolecules of 

interest. All experiments were carried out in triplicate. Samples (4 mL) were collected every 6 h 

for the first 24 hrs, every 12 hrs until 48 hrs pi), and every 24 hrs thereafter, up to 120 hrs pi. 

These samples were used to measure cell growth, dry cell mass, ammonium concentration, and 

pH. Samples were also collected at 36, 48, 96 and 120 hrs to measure glucose consumption, 

lipid, and carotenoid concentrations.  
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4.4.2. Analysis of cell growth  

      Cell growth was analysed by methods described in Section 3.2 

4.4.3. Analytical methods 

      Ammonium ion concentrations (NH4+), dissolved oxygen and dextrose concentrations were 

quantified using methods described in Section 3.3. 

4.4.4. Neutral lipid extraction and fatty acid composition 

      Neutral lipid extraction, transesterification of fatty acids and determination of fatty acid 

composition methods were described in Section 3.4. 

4.4.5. Carotenoid extraction and quantification 

      Carotenoid extraction and quantification methods were described in Section 3.5.  

4.5. Results and Discussion 

4.5.1. Cell growth in oxygen-limited versus oxygen-enhanced conditions 

      Cells were grown in two different conditions: oxygen-limited conditions and oxygen-

enhanced conditions. In the oxygen-limited conditions, the only oxygen available to the cells was 

the oxygen transferred from the atmosphere into the culture media, facilitated by shaking the 

culture flasks at 100 rpm. In the oxygen-enhanced condition, the dissolved oxygen (% DO) 

concentrations in the culture media were enhanced by bubbling atmospheric air into the shake 

flasks, in addition to shaking the flasks at 100 rpm throughout the course of the experiment. Cell 

growth (as determined by OD600), ammonium ion (NH4+) concentration, and % DO were 

measured every 6 hrs for the first 24 hrs, every 12 hrs until 48 hrs pi, and every 24 hrs until 120 

hrs pi. As cell growth progressed, bioproducts including TAGs and carotenoids were 

synthesized, conferring gradual color changes on the cells. The rate of color development 
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differed greatly between oxygen-enhanced versus oxygen-limited conditions (Appendix B Figure 

4.19).  

      Concentration of DO in cell culture is dependent on the oxygen uptake rate (OUR) and 

oxygen transfer rate (OTR). During lag-phase, DO concentrations usually decrease due to high 

specific oxygen demand at the start of cell growth [Garcia-Ochoa et al., 2010].  As growth 

progressed into the exponential-phase, increased cell density resulted in greater oxygen demand 

and led to steeper decrease in %DO (Figure 4.1). As the cells transitioned into stationary-phase, 

the OTR became a limiting-factor for cell growth (Figures 4.1). The %DO reached zero by 36 

hrs pi under the oxygen-limited conditions and by 48 hrs pi under the oxygen-enhanced 

conditions, which corresponds well with the growth curves.  

      While the specific growth rates were similar (Table 4.1), the maximum dry cell mass for the 

oxygen-enhanced cultures (27.1 g L-1) was approximately double that of the oxygen-limited 

cultures (12.2 g L-1). Theoretically, 36 molecules of ATP are produced per molecule of glucose 

consumed under aerobic conditions, compared to 2 molecules of ATP under anaerobic 

conditions [Karaman & Khawaja, 2015]. While the oxygen-limited condition was not strictly 

anaerobic, the greater biomass concentrations produced by the cells under oxygen-enhanced 

conditions implies that more ATP was produced and available for cell growth [Dyckmans et al., 

2003]. Lower glucose consumption rates in oxygen-enhanced cultures (Table 4.1) also support 

this point, as theoretically, more ATP was produced using less glucose.
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Figure 4.1. Growth curves, % dissolved oxygen, ammonium concentrations and glucose concentrations in Rhodotorula diobovata 
cultures under oxygen-limited and oxygen-enhanced conditions. Data points represent the means of 3 independently replicated 
experiments. Error bars represent standard errors.  
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Figure 4.2. Total carotenoids and fatty acids concentrations in R. diobovata grown under oxygen-limited and oxygen-enhanced 
conditions. Data points represent the means of 3 independently replicated experiments. Error bars represent standard errors. 

 
 
 

 

 

0

5000

10000

15000

20000

25000

0

5

10

15

20

25

30

36 48 96 120

Ca
ro

te
no

id
s (

ug
/g

 D
CW

)

Fa
tty

 a
cid

s (
%

 D
CW

)

Time (Hrs)

Fatty acids-OL Fatty acids-OE Carotenoids-OL Carotenoids-OE



 36 

 

 

Table 4.1. Effect of oxygen-limitation on specific growth rate, final biomass concentration, overall productivity, yield, substrate 
consumption rate, lipid content, lipid, and total carotenoid yield of Rhodotorula diobovata under nitrogen-limited conditions at 120 hr 
pi. 

 

Experimental condition µ 
(h-1) 

Xf  
(g L-1) 

R0  
(g L-1 h-1) 

Us 
(%) 

Y  
(g L-1 h-1) 

LC  
(g/g) 

YL/G 
(g/g) 

YTC/G (mg/g) 

Oxygen-limited  0.21 12.17 0.34 31.4 0.32 0.19 0.06 5.5 

Oxygen-enhanced  0.21 27.10 0.58 80.3 0.28 0.18 0.14 13.08 

Note: µ, specific growth rate; Xf, final biomass concentration; R0, overall productivity of the culture, Us, percent biomass yield (gram 

biomass produced/gram substrate consumed); Y, substrate consumption rate; LC, gram lipid produced/gram dry cell mass; YL/G, lipid 

yield (gram lipid produced/gram substrate consumed); YTC/G, total carotenoid yield (milligram carotenoid produced/gram substrate 

consumed).
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      Ammonium was consumed in similar fashion in both conditions, peaking between 18 and 24 

hrs pi, and then approaching 0 mg L-1 at 36 hrs pi (Figure 4.1). The initial increase in NH4+ ion 

concentrations are indicative of hydrolysis of peptides and amino acids present in yeast extract 

[Munch et al., 2015]. Nitrogen-limitation signified the end of the balanced phase of growth 

where there was an ample supply of nutrient [Ratledge and Lippmeier, 2017]. At this point, the 

remaining carbon was channeled into the process of TAG synthesis and accumulation. Even 

though the oxygen-enhanced cultures exhausted the N-source at the same time as the oxygen-

limited cultures, cell growth continued for another 24 hrs in the oxygen-enhanced cultures. This 

suggests that while nitrogen-limitation may be responsible for TAG accumulation in oleaginous 

yeasts, oxygen-limitation (perhaps together with other nutrient-limitations) may induce cells to 

transition from growth phase to stationary phase where neutral lipid accumulation occurs.  

4.5.2. Effects of oxygen limitation on total TAG and carotenoid production 

      A key to increasing TAG accumulated by oleaginous yeasts is exhaustion of nitrogen and/or 

other nutrients, in the culture medium. Assimilation of carbon usually continues and is converted 

to TAGs via a number of biochemical steps [Ratledge, 2002]. Despite exhaustion of nitrogen at 

36 hrs pi in both conditions (Figure 4.1), TAG accumulation proceeded at a faster rate, peaking 

at 96 hrs pi to 22.98% dcw under oxygen-limited conditions (Figure 4.2), while TAG 

accumulation peaked at 120 hrs pi to approximately to 18% dcw neutral lipids (Figure 4.2) under 

oxygen-enhanced conditions. This disparity may be linked to the exhaustion of other nutrients, in 

this case oxygen at 36 hrs pi in cultures under-oxygen limited conditions (Figure 4.1) and at 48 

hrs pi under oxygen- enhanced conditions (Figure 4.1). These results suggest a synergy between 

oxygen- and nitrogen-limitation on TAG accumulation. 
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      The glucose concentrations were higher in oxygen-limited conditions, declining to 

approximately 8 g L-1 at 96 hrs pi, which corresponded to the time of maximum neutral lipid 

production (Figure 4.1), while about 13 g L-1 glucose was still available in the oxygen-enhanced 

cultures at 120 hrs pi (Figure 4.1), which also corresponded to the time maximum TAG 

production in the oxygen-enhanced cultures. As glucose was consumed, ATP produced via 

oxidative phosphorylation, was directed towards DNA replication and protein synthesis for cell 

growth in the presence of oxygen, resulting in approximately 2-times more cell mass production 

than in the oxygen-limited cultures. Table 4.1 shows that TAG yield per gram of glucose 

consumed was approximately 2.6-times greater in the oxygen-enhanced cultures. In the oxygen-

limited cultures, TAG accumulation was favored as relatively less ATP is required [Calvey et al., 

2016]. 

      Nasirian et al. [2018] suggested that carotenoid synthesis in R. diobovata was linked to 

exponential growth phase, while neutral lipid synthesis was linked to stationary growth phase. 

Results from this experiment show otherwise, as both TAG and carotenoid production occur 

during stationary phase of growth. The differences observed could have been due to differences 

in culture conditions, including oxygen availability and growth temperatures. While Nasirian et 

al. [2018] grew R. diobovata cells at 30 oC, this research grew the cells at 23 oC.  

      Figure 4.2 shows that only a small concentration of carotenoids was produced in the first 36 

hours, with a small increase at 48 hours, and a steep increase by 17-times within the next 48 

hours, producing 12,547 µg/g dcw total carotenoids at 96 hrs pi under oxygen-limited conditions. 

R. diobovata cells do not appear to produce any detectable carotenoids in the first 36 hrs pi of 

growth under oxygen-enhanced conditions. By 48 hrs pi, the oxygen-enhanced cells produced 

16-times greater concentrations of carotenoids than the oxygen-limited cells at the same time 
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point (Figure. 4.2). Carotenoid production increased slightly at 96 hrs pi and then declined at 120 

hrs pi.   

      Carotenoid synthesis coincided with the time that the cells entered stationary phase in both 

conditions. Production of TAGs and carotenoids generally increased at different rates between 

36 to 96 hrs pi under oxygen-limited versus oxygen-enhanced conditions. However, lower 

concentrations of TAGs and higher concentrations of carotenoids were produced in the oxygen-

limited culture in the late stationary phase. In contrast, more TAGs and less carotenoids were 

produced in oxygen-enhanced cultures in the late stationary phase. According to Braunwald et al. 

[2013], TAGs and carotenoids can be produced simultaneously in Rhodotorula glutinis without 

any preferential relationship between the two pathways. However, at 120 hrs pi, we observe a 

preference for TAG production under oxygen-enhanced conditions and a preference for 

carotenoid production over TAGs under oxygen-limited conditions.  

      Acetyl-CoA is the building block for both fatty acid synthesis and the carotenogenic 

pathways. Acetyl-CoA is acted upon by the enzyme Acetylcoacarboxylase to produce Malonyl-

CoA in the first committed step of lipid synthesis, while Acetoacetyl-CoA acetyltransferase also 

acts on Acetyl-CoA in the biosynthesis of Mevalonate, which is the initial step in carotenoid 

biosynthesis [Zhu et al., 2012]. Our observations suggest there exists a regulatory system that 

favors one product over the other under varying culture conditions in late stationary phase. Over 

120 hours, the overall yield of carotenoids under oxygen-enhanced conditions was approximately 

double that of the over oxygen-limited cultures. The start of lipid synthesis appeared to coincide 

with the time that nitrogen was exhausted from the culture, while the onset of carotenoid 

biosynthesis appears to coincide with the time when the %DO became zero, or was below the 

limit of detection. In practical terms, a %DO of “zero” may be understood to mean that the rate 
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of oxygen consumption by the cells was equal to the rate at which oxygen dissolved in the 

culture medium. 

 4.5.3. Carotenoid profile of Rhodotorula diobovata cultured in microaerophilic environment 

      Generally, b-carotene, torulene, g-carotene, and torularhodin are the most common 

carotenoids produced by Rhodotorula species, differing in concentrations based on species, 

strain and culture conditions [Frengova and Beshkova, 2009]. While b-carotene and g-carotene 

were below detectable levels in our experiments, torulene and torularhodin were detected, with 

torularhodin having much higher concentrations (Appendix B Figure 4.1- 4.18).    

      Torularhodin is synthesized from torulene by hydroxylation and oxidation reactions [Kot et 

al., 2018], and both have stronger antioxidant properties than b-carotene due to the 13 

conjugated double-bonds [Tang et al., 2019]. Torularhodin concentrations decreased with 

increased aeration of Rhodotorula rubra co-cultured with Lactobacillus casei, while torulene 

concentrations were unaffected [Simova et al., 2003]. However, in the current study, with 

increasing aeration, the overall carotenoid profile of R. diobovata remained the same, producing 

more torularhodin than torulene at every time point analyzed (Figures 4.3). 
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Figure 4.3. Carotenoid profile of Rhodotorula diobovata cultured under A) oxygen-limited and 

B) oxygen-enhanced conditions. Data points represent the means of 3 independently replicated 

experiments. Error bars represent standard errors. 
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Figure 4.4. Fatty acid profiles of Rhodotorula diobovata cultured under oxygen-enhanced conditions and under oxygen-limiting 
conditions. Data points represent the means of 3 independently replicated experiments. Error bars represent standard errors. 
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4.5.4. Neutral Lipid profile of Rhodotorula diobovata cultured in microaerophilic environment 

      Oxygen-enhancement resulted in increased biomass production and low TAG production in 

contrast to the oxygen-limited condition. However, fatty acid profiles of the neutral lipids under 

the two conditions were similar. The primary fatty acids in both cultures were palmitic, elaidic, 

oleic, and linolenic acids (Figure 4.4). Our data correspond to the findings of Yen and Zhang 

[2011], who reported that dissolved oxygen levels influenced total neutral lipid accumulation but 

not the fatty acid profiles of the TAG in R. glutinis. The fatty acid profile of TAGs in R. 

diobovata cultured in microaerophilic environment was comparable with the fatty acid profile 

from other R. diobovata studies which were carried out under aerobic conditions [Meilhoc et al., 

1990; Nasirian et al., 2018]. 

      The cells produced TAGs containing varying percentages of saturated fatty acids (SFAs) and 

unsaturated fatty acids (USFAs). Cells grown under oxygen-limited conditions produced about 

22% to 48% SFAs and 51% to 77% USFAs, with the ratio of SFAs:USFAs increasing across the 

growth curve. Of the unsaturated fatty acids, monounsaturated fatty acids (MUFAs) were 

produced in concentrations approximately 1.5-times greater than those of the polyunsaturated 

fatty acids (PUFAs) except at 120 hrs pi, where concentrations of MUFAs were about 3-times 

more. Under oxygen-enhanced conditions, cells produced 29% to 47% SFAs and 52% to 70% 

USFAs, with the ratio of SFAs:USFAs increasing through the course of the experiment, except at 

48 hrs pi, when cells just entered into stationary phase. Similar to cells in the microaerophilic 

environment, the ratio of MUFAs to PUFAs gradually increase. 

      In conclusion, total biomass production was greater under oxygen-enhanced conditions 

compared with oxygen-limiting conditions, resulting in higher TAG and carotenoid yields under 

oxygen-enhanced conditions. Overall substrate consumption was lower in oxygen-enhanced 
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cultures, implying that improved carotenoid and TAG productivity could be achieved with less 

glucose under oxygen-enhanced conditions. Carotenoid synthesis correlated with oxygen-

limitation, while TAG synthesis coincided with nitrogen-limitation. Carotenoid and fatty acid 

profiles were similar under both conditions. The high concentrations of torularhodin produced 

may be useful for nutraceutical applications, while the fatty acid profile of TAGs synthesized by 

R. diobovata suggest possible applications for biodiesel production [Nasirian et al., 2018]. 
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Chapter 5: Genome sequence analysis of the oleaginous yeast, Rhodotorula diobovata, and 
comparison of the carotenogenic and oleaginous pathway genes and putative gene products 

with other oleaginous yeasts. 
 
5.0. Preface  

      This study has been published in Fakankun, I., Fristensky, B., & Levin, D. B. (2021). 

Genome Sequence Analysis of the Oleaginous Yeast, Rhodotorula diobovata, and Comparison of 

the Carotenogenic and Oleaginous Pathway Genes and Gene Products with Other Oleaginous 

Yeasts. Journal of Fungi, 7(4), 320. This research was conceptualized and designed by the 

candidate, Irene Fakankun. Dr. Brian Fristensky provided expertise and training related to 

genome assembly, transcriptomic analyses, and genome comparison tools. Dr. David Levin 

provided resources, supervision, and reviewed and edited the manuscript drafts. Genome 

sequencing was carried-out by the University of Manitoba NGS Sequencing Platform and RNA 

sequencing was carried-out by the McGill University and Génome Québec Innovation Centre.  

5.1. Abstract 

      Rhodotorula diobovata is an under-characterized oleaginous and carotenogenic yeast, useful 

for diverse biotechnological applications and has the capability to grow on a plethora of 

substrates. To understand the molecular basis of R. diobovata’s vast applications and maximize it 

for industrial purposes, the genome was sequenced using Illumina MiSeq and Ion Torrent 

platforms, assembled by AbySS, and annotated using the JGI annotation pipeline. The genome 

size was 21.1 MB, similar in size to that of the biotechnological ‘workhorse’ R. toruloides.  

Comparative analyses of the R. diobovata genome sequence with those of other Rhodotorula 

species, Yarrowia lipolytica, Phaffia rhodozyma, Lipomyces starkeyi, and Sporidiobolus 

salmonicolor were conducted, with particular emphasis on the carotenoid and neutral lipid 
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biosynthesis pathways. Alignments of predicted amino acid sequences of key enzymes in the 

lipid biosynthesis pathway revealed why the activity of malic enzyme and ATP:Citrate lyase 

may be ambiguous in some oleaginous yeasts, such as Y. lipolytica and L. starkeyi. While 

phylogenetic analysis showed a close relationship between R. diobovata and R. graminis WP1, a 

Dot-plot analysis of nucleotide sequences of the genes encoding the ERG10, crtYB, ME1, and 

ACL enzymes revealed frame shifts and multiple inversions. This research presents the first 

genome analysis of R. diobovata with focus on its biotechnological potential as a lipid and 

carotenoid producer.  

5.2. Introduction 

Rhodotorula diobovata (Basionym, Rhodosporidium diobovatum) is an oleaginous, red 

marine yeast, which can concomitantly synthesize quality single cell oils for biodiesel production 

and the health-promoting compounds, carotenoids which are useful as food colourants in the 

food industry [Nasirian et al., 2018]. R. diobovata is capable of producing high biomass, with 

high cell specific yields of triacylglycerides (TAGs) when grown on waste substrates such as 

biodiesel-derived waste glycerol [Munch et al., 2015]. This character makes this yeast even more 

attractive, because a reduction in the cost of the substrate will have a positive effect on the cost 

of biodiesel production. R. diobovata has been used in bioremediation as it is able to assimilate 

high concentrations of nitrogen [Civiero, et al., 2018] and it has been found to thrive under 

varying culture conditions [Newell and Hunter, 1970; Fakankun et al., 2019]. This study presents 

the first whole genome sequence analysis and annotation of R. diobovata and compares the 

genome of R. diobovata with other oleaginous and carotenogenic yeasts with focus on their lipid 

and carotenoid biosynthesis pathways.  
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5.3. Materials & Methods 

5.3.1. Microorganism and DNA extraction 

     Cells were maintained on YPD as described in Section 3.1, with some modification. Colonies 

from the agar plate were directly inoculated into YPD broth containing 10 g/L yeast extract, 20 

g/L peptones, 20 g/L glucose, and grown at 30 oC and 150 rpm for 24 h.  

To extract genomic DNA, 10 mL of culture was transferred into a falcon tube and 

centrifuged at 3000 x g for 5 minutes at 4 °C. Cell pellets were re-suspended in phosphate buffer 

(PBS) and washed by centrifugation followed by resuspension in PBS three times. A small 

aliquot (500 µL) of cells was transferred to screw-capped Eppendorf for cell rupture. Cell rupture 

was carried out by bead-beating with about 20 mg of 0.25-mm glass beads in a rotary bead-

beater (Fisherbrand Bead Mill 24 Homogenizer) with three to five 30 second (s) cycles. To 

separate the debris from the lysate, tubes were centrifuged at 16,000 x g for 20 minutes at 4 °C. 

DNA extraction and purification was conducted using the Promega WizardÒ Genomic DNA 

Purification Kit. DNA extraction was done in triplicate. Concentrations of the resulting sample 

were measured using Thermo Scientific’s NanoDrop 1000 spectrophotometer. 

5.3.2. Genome sequencing and annotation 

     The genome of the haploid strain, R. diobovata 08-225, was sequenced using the Ion Torrent 

(IT) PGM and Illumina Miseq platforms. A total of four libraries were constructed, resulting in 

3,051,898 reads from the IT platform, and 9,949,684 reads, 8,240,002 reads, and 5,899,760 reads 

from three Illumina libraries. The Illumina libraries had insert sizes of 300 bp, 400 bp and 700 bp 

while IT library was 500 bp. Quality of the sequences was assessed using FastQC and read error 

correction was carried out by Quake and Pollux error correction software. Abyss Genome 

assembler resulted in the best hybrid assembly of Quake-corrected sequences from the illumina 
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platform and Pollux-corrected sequences from the IT platform [Kelly et al., 2010; Marinier et al., 

2015].  

     To obtain a more reliably annotated genome, with information on exons, splicing sites, and 

alternative splicing, RNA-Seq was carried out on samples from mid-log and early stationary 

phase cells, using the Illumina HiSeq platform. Transcripts were de novo assembled using 

rnaSPAdes and Trinity combined with two read trimming tools: Trim Galore, and Trimmomatic. 

Transrate was used to evaluate the quality of the assemblies. The rnaSPAdes assembler produced 

the best quality assembly with samples from the mid-log phase giving a transrate score of 0.08.  

     The assembled genome and transcriptome were submitted to the Joint Genome Institute’s 

(JGI) mycocosm platform and annotated using their annotation pipeline [Nordberg et al., 2014]. 

The annotated genome was further subjected to manual curation using Artemis [Carver et al., 

2012]. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under 

the accession SOZI00000000. The version described in this paper is version SOZI01000000. 

5.3.3. Comparative genomics and phylogenetic analyses 

     Sequence datasets were created for proteins of interest, including malic enzyme, ATP:Citrate 

lyase, Acetyl-CoA acetyltransferase, Bifunctional Lycopene cyclase/Phytoene synthase, and 

Phytoene desaturase by BLASTP search. Phylogenetic analyses between these metabolic 

enzymes were used to infer sequence similarity among other oleaginous yeasts. Differences in 

the activity of these enzymes reported in the literature for some oleaginous yeasts (described in 

Chapter 2) informed the choice of oleaginous yeasts sequences included in the phylogenetic 

analysis. Prior to multiple sequence alignments, redundant sequences were eliminated from the 

dataset using cd-hit (http://cd-hit.org). The sequences were then aligned by MAFFT multiple 

sequence alignment program, using the iterative refinement method FFT-NS-i (Katoh and 
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Standley 2013). Phylogenetic trees were constructed using Protein Maximum Likelihood 

(PROML), and statistical support was obtained by bootstrapping method 100 times. LAST was 

used to align DNA sequences in select scaffolds in R. graminis versus R. diobovata. All 

programs were accessed using the comprehensive bioinformatics system, BIRCH [Fristensky, 

2007].  

5.4. Results and Discussion 

5.4.1. General features of the Rhodotorula diobovata genome 

     Statistics of the genome assembly are shown in Table 5.1. De novo assembly of R. diobovata 

08-225 produced 361 scaffolds, with the largest scaffold being 0.56 Mbp. The scaffold L50 

number was 0.12 Mbp, the GC content was 66.9 %, and the size of the genome was 21.1 MB, 

which is similar to the genome size of other red oleaginous yeasts: R. graminis WP1 has a 

genome size of 21.01 MB [Firrincieli et al., 2015]; R. glutinis ATCC 204091 has a size of 20.48 

MB; R. toruloides NP11 is 20.22 MB [Zhu et al., 2012]; and Rhodotorula sp. JG-1b has a 

genome size of 19.39 MB [Goordial et al., 2016]. The draft genome sequence of R. diobovata 

annotated by the JGI pipeline is estimated to have a total of 7,970 protein coding genes with an 

average of 5.95 exons per gene and an average protein length of 510 amino acids. While yeasts 

like Saccharomyces cerevisiae generally have about 5,800 coding genes with an average of 1 

exon per gene, it is usual for Rhodotorula species to have higher number of protein coding genes 

and exons per gene. For example, 8,171 protein coding genes were predicted in R. toruloides 

NP11, with an average of 6.26 exons per gene [Nordberg et al., 2014]. 
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Table 5.1. Summary of genome assembly statistics.  

Genome assembly size (Mbp)  21.14 

Genome coverage   44x 

# of contigs    614 

# of scaffolds    361 

# of scaffolds >= 2Kbp  336 

Scaffold N50    55 

Scaffold L50 (Mbp)   0.12 

# of gaps    253 

% of scaffold length in gaps  0.1% 

Three largest Scaffolds (Mbp) 0.56, 0.49, 0.41 

 
 
5.4.2. Analysis of proteins associated with de novo fatty acid biosynthesis 

     Biosynthesis of fatty acids in oleaginous yeasts may be either de novo or ex novo 

[Papanikolaou and Aggelis 2011a; Papanikolaou and Aggelis 2011b]. This study focuses on the 

de novo biosynthesis pathway, which involves the fermentation of sugars and related substrates. 

Biochemically, the “oleaginicity” of a microorganism is defined by the presence of certain key 

enzymes: Isocitrate dehydrogenase, Adenosine triphosphate (ATP):Citrate lyase, Malic enzyme, 

and Fatty acid synthase [Ratledge, 1992]. ATP:Citrate lyase is responsible for providing acetyl 

subunits for fatty acid biosynthesis. Malic enzyme is involved in the generation of nicotinamide 

adenine dinucleotide phosphate (NADPH) to reduce acetyl subunits, which form the backbone of 

fatty acids [Akpinar-Bayizit, 2014]. Here, ATP:Citrate lyase and Malic enzyme from R. 

diobovata are analyzed, and datasets for sequence alignment were created to include sequences 

from other oleaginous yeasts.  
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5.4.2.1. Malic enzyme 

     Malic enzyme (ME) catalyzes the oxidative decarboxylation of malate to pyruvate, producing 

NADPH, which is necessary for fatty acid biosynthesis. Ratledge [2014] reviewed the role of 

ME as a producer of NADPH in oleaginous microorganisms and concluded that ME could not be 

the only source of NADPH in oleaginous microorganisms, because some oleaginous 

microorganisms, such as Y. lipolytica and L. starkeyi, were found to possess just one malic 

enzyme, present in the mitochondria [Morin et al., 2011]. Fatty acid biosynthesis is a cytosolic 

process, and the absence of a cytosolic malic enzyme in these yeasts, suggests that the supply of 

NADPH for fatty acid biosynthesis may be from alternative pathways, such as the pentose 

phosphate pathway.  

     R. diobovata, like many other Rhodotorula species, has 2 MEs (DMC30DRAFT_420609 and 

DMC30DRAFT_357466) with predicted lengths of 633 and 613 amino acids, respectively.  This 

is similar to the number of proteins annotated as ME in the oleaginous yeast Papiliotrema 

laurentii [Vieira et al., 2020], but dissimilar to the ten genes annotated as encoding ME in 

Trichosporon fermentans [Shen et al., 2016]. Phylogenetic analyses based on MAFFT alignment 

of amino acid sequences of Malic enzyme, revealed that MEs from R. diobovata (TNY17208 and 

TNY24152) were most closely related with those from R. graminis WP1 (KPV73817 and 

KPV76802) (Figure 5.1). 

     A Weblogo plot of the aligned sequences (Appendix B Figure 5.1) was constructed to identify 

the regions where specific amino acids were conserved before a more in-depth analysis of the 

alignment was carried out. In addition to the divalent ion binding-sites (Appendix B Figure 5.2), 

alignment analysis revealed two dinucleotide binding-sites associated with NAD and NADP. 

These conserved regions (highlighted in Figure 5.2) have glycine-rich sequences [Borsch and 
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Westhoff, 1990; Zhang et al., 2007]. Sequence similarities within the putative mitochondrial 

putative cytosolic enzymes are obvious in the NAD-linked and NADP-linked regions. The 

putative cytosolic enzymes  have aliphatic and non-polar leucine (L) at position 216 instead of 

the acidic and polar glutamine (Q) observed in the putative mitochondrial enzymes at the NAD-

linked region. Position 369 of the alignment shows all of the putative cytosolic enzymes 

contained hydroxylic and polar serine (S) instead of aliphatic and nonpolar alanine (A)  observed 

in the mitonchodrial enzymes. For the NADP-linked region, Y. lipolytica, L. starkeyi, and X. 

dendrorhous have an hydroxyl or sulfur-containing amino acid at position 371 of the allignment 

rather than the aliphatic or aromatic amino acids (valine, leucine, and tyrosine) obseverd in the 

same position for puciniomycotas examined in this analysis.  

     While X. dendrorhous  is not established as an oleaginous yeast, Y. lipolytica and L. starkeyi 

are established oleaginous yeasts whose ME activities have been unclear as they do not possess 

cytosolic ME. In fact, the sequence in the NADP-ME conserved regions has been associated with 

Y. lipolytica’s preference of NAD+ over NADP+ as cofactor [Zhang, et al., 2013]. Zhang et al., 

2013 found that NADP+-dependent activity was only 1% of  NAD+-dependent activity, and that 

NAD+ had a much lower Km value. Another alternative for NADPH supply in Y. lipolytica and 

L. starkeyi is the cytosolic NADP+ dependent isocitrate dehydrogenase [Ratlege, 2014]. 
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Figure 5.1. PROML phylogenetic tree constructed from an alignment of Malic enzyme sequences from Rhodotorula species, 
Yarrowia, Lipomyes and Xanthophyllomyces.  R. diobovata sequences are pointed out showing cytosolic and mitochondrial 
positioning. The significant nodes on the tree with bootstrap support values > 70% are highlighted.  
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Figure 5.2. MAFFT alignment of Malic enzymes (MEs) showing dinucleotide binding sites: red 
box for NAD-linked MEs and blue box for NADP-linked MEs [Borsch and Westhoff, 1990]. 
Residues that are same as the first sequence are signified by a dot (.) ADI76993, Lipomyces 
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starkeyi ; ODQ72042, Lipomyces starkeyi NRRL Y-11557; ADK56109, Lipomyces starkeyi; 
AOW05618, Yarrowia lipolytica CLIB89(W29);  XP_504112, Yarrowia lipolytica CLIB122; 
BBE10583, Rhodotorula toruloides NBRC10032; CDR37260, Rhodotorula toruloides 
CECT1137; PRQ74895, Rhodotorula toruloides NBRC0880; KWU45829, Rhodotorula sp. JG-
1b; POY70860, Rhodotorula taiwanensis; KPV76802, Rhodotorula graminis WP1; TNY24152, 
Rhodotorula diobovata; CEQ39123, Sporidiobolus salmonicolor; CED85069, 
Xanthophyllomyces dendrorhous; ANJ02849, Rhodotorula toruloides IFO0880; PRQ75739, 
Rhodotorula toruloides NBRC0880; CDR45495, Rhodotorula toruloides CECT1137; 
EGU11086, Rhodotorula toruloides ATCC 204091; GEM12284, Rhodotorula toruloides 
NBRC10032; KWU43902, Rhodotorula sp. JG-1b;   POY76220, Rhodotorula taiwanensis; 
KPV73817, Rhodotorula graminis WP1; TNY17208, Rhodotorula diobovata; CEQ41698, 
Sporidiobolus salmonicolor.  

 
5.4.2.2. ATP:Citrate lyase 

     ATP:Citrate lyase (ACL), also annotated as ATP:Citrate synthase, is an enzyme characteristic 

of oleaginous microoganisms. While the presence of ACL does not confer oleaginicity, 

oleaginous microoorganisms have been found to possess it [Ratledge, 2002].  ACL cleaves 

citrate in the cytosol to produce acetyl-CoA and oxaloacetate. Alignment of R. diobovata ACL 

amino acid sequences with those from other oleaginous yeasts show a close relationship with 

ACL from R. toruloides NBRC10032 (Appendix B, Figure 5.3). This analysis shows that 

Rhodotorula species appear to have only one gene encoding the ACL enzyme, unlike the 

oleaginous Saccharomycotina species, which possess two genes encoding two ACL subunits, 

while eight (8) genes encoded for  ACL in T. fermentans, six (6) in A. oryzae, and seven (7) in R. 

opacus genomes [Shen et al., 2016].  

     The protein ATP:Citrate synthase in R. diobovata has 1,124 amino acids, with 3 conserved 

regions: Succinyl-CoA synthethase (SucC) beta subunit (cl33750); ATP:Citrate lyase citrate-

binding (Citrate_bind superfamil) (cl29684); and ATP:Citrate (pro-S)-lyase (PLN02522) 

(cl31895) (Figure 5.3). Other Rhodotorula species analysed only contained the cl31895 and 

cl29684 conserved regions on one ACL (Figure 5.3). SucC is, however, a conserved domain 

containing the citrate-binding sites cl29684 and cl33750, and are, therefore, overlapping 
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homologous superfamilies [Sun et al., 2010]. Oleaginous Saccharomycotina, which includes Y. 

lipolytica and L. starkeyi, have conserved domains cl29684  and cl31895 on separate subunits. 

This may explain the difference in ACL expressions under lipogenic conditions. While ACL 

gene expressions did not correlate with lipid acccumulation phase in Y. lipolytica [Fabiszewska 

et al., 2019],  expression levels of ACL in R. toruloides was high in lipid accumulation phase  

[Zhu et al., 2012]. 

 

Figure 5.3. Graphical summary of conserved domains on ATP:citrate synthase in R. diobovata 
obtained from the Conserved Domain Database [Lu et al., 2020]. 

 

5.4.3. Analysis of proteins associated with carotenoid biosynthesis 

      Carotenoid biosynthesis is divided into 3 steps, synthesis of mevalonate, followed by the 

synthesis of isopentenyl pyrophosphate (IPP), which leads to the biosynthesis of terpenoids 

[Goodwin, 1993]. The first step in the biosynthesis of mevalonate in red oleaginous yeasts, is the 

formation of acetoacetyl-CoA from acetyl-CoA in the cytosol. This is achieved by the action of a 

Thiolase, Acetyl-CoA C-acetyltransferase (ACAT), which catalyzes the transfer of an acetyl- 

group to acetyl-CoA. The addition of another acetyl-group catalyzed by 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) synthase is the second step in mevalonate biosynthesis. 

Another acetyl-group is then added to 3-hydroxy-3-methylglutaryl-CoA synthesized in the 

second step. This reaction is catalyzed by HMG-CoA reductase and it is considered the rate-

limiting step in carotenoid biosynthesis [Li et al., 2020].  IPP is synthesized by a series of 

phosphorylation reactions which leads to the final stage of terpenoid biosynthesis (Figure 5.4).  
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Figure 5.4. Carotenoid biosynthesis pathways. DMAPP, dimethylallyl pyrophosphate; ERG20, 
Farnesyl pyrophosphate synthetase; GPP, geranyl pyrophosphate; BTS1(CRTE), Geranylgeranyl 
pyrophosphate synthase; GGPP, geranylgeranyl pyrophosphate; PSY1(CRTB), Phytoene 
synthase; CRTI, Phytoene desaturase; CRTYB(CRTY), Bifunctional Lycopene cyclase/Phytoene 
synthase 

 

     Rhodotorula species typically synthesize b-carotene, torulene, and torularhodin [Albertyn et 

al., 2014; Buzzini et al., 2007]. However, as discussed in Chapter 4, R. diobovata favours the 

biosynthesis of torulene and torularhodin over b-carotene under varying growth conditions. In 

addition to the comparative analysis of Thiolase, the first enzyme in the biosynthetic pathway of 

carotenoids,  an assessment of the Bifunctional Lycopene cyclase/Phytoene synthase and 

phytoene desaturase was carried out.  

5.4.3.1. Acetyl-CoA C-acetyltransferase 

     Acetyl-CoA C-acetyltransferase (encoded by ERG10) belongs to the ubiquitous Thiolase 

family, and it catalyzes the reaction from acetyl-CoA to acetoacetyl-CoA. There are two broad 

types of Thiolases - degradative Thiolases (3-ketoacyl-CoA thiolase) and biosynthetic Thiolases 

(Acetoacetyl-CoA thiolase) - which are involved in the first step of mevalonate synthesis [Heath 

and Rock, 2020].  While there are five (5) distinct genes encoding Thiolase enzymes in the R. 
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diobovata (accession numbers TNY24221, TNY23669, TNY19355, TNY19167, TNY16984), 

TNY19355 revealed the best alignment with the Thiolase conserved domain, cd00751 with E-

value of 0e+00.  

     Alignment analysis of  acetyl-CoA C-acetyltransferase from R. diobovata, P. rhodozyma, R. 

toruloides, S. salmonicolor, R. graminis, and R. taiwanensis show the two conserved cystein 

residues at the N-terminus and C-terminus (data not shown) involved in the acyl-enzyme 

intermediate formation and active site base respectively [Chevillard et al., 2004]. Phylogenetic 

analyses revealed a close relationship betweeen TNY19355 (R. diobovata) and KPV74338 (R. 

graminis WP1) (Appendix B Figure 5.4). 

5.4.3.2. Bifunctional Lycopene cyclase/Phythoene synthase 

     The Bifunctional Lycopene cyclase/Phytoene synthase is responsible for phytoene synthesis, 

cyclization of lycopene to g-carotene, and further cyclization to b-carotene (Figure 5.4). The 

gene coding for this bifunctional enyme in R. diobovata  crtYB has been studied by Guo et al. 

[2014]. The protein contains two copies of the CarR_dom_SF domain, which is the lycopene 

cylclase domain, on the N-terminus. The Isoprenoid_Biosyn_C1 (Phytoene synthethase) 

superfamily domain is located at the C-terminal (Figure 5.5). A phylogenetic  analyses of the 594 

amino acid sequence of crtYB from R. diobovata (AGT42003) with those from other 

Rhodotorula species, P. rhodozyma, S. salmonicolor, and S. pararoseus revealed that the R. 

diobovata crtYB was most closely related to the crtYB of R. graminis WP1. An increase in the 

expression of this gene has been linked to increased carotenoid production in R. toruloides under 

light conditions [Pham et al., 2020], and it has been shown to be transcriptionally regulated in X. 

dendrorhous [Pan et al., 2020].  This gene is also one of the most favoured in the engineering of 

non-carotenogenic yeast strains for the production of  b-carotene [Dhar et al., 2020].  
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Figure 5.5. Graphical summary of putative conserved domains of the Bifunctional Lycopene 
cytclase/Phytoene synthase of R. diobovata obtained from the Conserved Domain Database [Lu 
et al., 2020]. 

 

5.4.3.3. Phytoene desaturase 

     Phytoene desaturation is a rate-limiting step in the carotenoid biosynthetic pathway 

[Chamovitz et al., 1993]. Phytoene desaturase (Phytoene dehydrogenase), encoded by the crtI 

gene, catalyses the formation of lycopene from phytoene. The same enzyme also catalyzes the 

formation of torulene from g-carotene (Figure 5.4). Phytoene desaturase (PDS) , TNY20974 (551 

aa) from R. diobovata UCDFST with conserved region, crtI_fam spanning positions 7 to 505, 

was aligned with the enzyme from other Basidiomycota species, and this alignment  revealed a 

99% amino acid (aa) sequence identity with a previously characterized PDS from R. diobovatum 

ATCC 2527. Guo et al. [2015] found that this crtI gene encodes a 547 amino acid PDS protein 

with a molecular mass of 60.45kDa, and has 7 introns. Its amino acid sequence (AHB14354) was 

shown to have a 46% aa sequence identity with the X. dendrorhous PDS enzyme and 45% aa 

sequence identity with the PDS of Blakeslea trispora, while TNY20974 from this work, showed 

47% aa sequence identity with the PDS of X. dendrorhous. Phylogenetic analysis showed a close 

relationship between the R. diobovata PDS amino acid sequences and the PDS from R. graminis 

WP1.  

     From the sequence analysis of enzymes in the lipid and carotenoid biosynthesis pathways, 

there is a general close alignment between R. graminis WP1 and R. diobovata. To further 

examine the sequence similarities observed between R. graminis WP1 and R. diobovata, dot plot 

analysis of the coding sequences (CDS) of crtYB and ME genes from these yeasts were 
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constructed. CDSs of  ME and crtYB from Y. lipolytica and X. dendrorhous respectively were 

also included in this analysis. Dot plot was used to visually inspect sequences and it revealed 

similarities and some  frame shifts (Figure 5.6 and Figure 5.7). Cytosolic and mitochondrial ME 

sequences of R. diobovata and R. graminis show sequence homology evident from the continous 

match. There is, however, an insertion observed between the two cytosolic sequences (Figure 

5.6a) [Nakrutenko et al., 2020].  

Cytosolic and mitochondrial ME sequences of R. diobovata were also plotted against 

CDS of ME from Y. lipolytica (Figure 5.6c and FIGURE 5.6d), which is localized in the 

mitochondria as discussed in section 5.4.2.1. The organizational difference observed here may be 

responsible for how malic enzyme operates in Y. lipolytica compared to other oleaginous yeasts. 

Dot plot of CDS sequences of crtYB of R. diobovata versus R. graminis also showed a continous 

match between the two sequences (Figure 5.7a). Sequences from R. diobovata versus X. 

dendrorhous, however, appear to have series of sequence deletion events (Figure 5.7b). The 

study of these types of insertions, deletions and rearrangements are important, as they may alter 

phenotypes.  Despite the phenotypes of oleagious and carotenogenic yeasts being similar, 

genome and sequence structure data can provide useful information needed prior to gene editing. 

This then forms a basis for genetic engineering for biotechnological applications. 
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Figure 5.6. Dot-plots of individual protein-coding sequences constructed by dotter showing 
mostly a continuous match between sequences. (a) cytosolic ME in R. diobovata on the x-axis 
and cytosolic ME in R. graminis on the y-axis; (b) mitochondrial ME in R. diobovata on the x-
axis and mitochondrial ME in R. graminis on the y-axis; (c) cytosolic ME in R. diobovata on the 
x-axis and ME in Yarrowia lipolytica on the y-axis; (d) mitochondrial ME in R. diobovata on the 
x-axis and Y. lipolytica ME in on the y-axis. 

 

 
  

Cytosolic ME R. diobovata Mitochondrial ME R. diobovata a b 
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Figure 5.7. Dot-plots of individual protein-coding sequences constructed by dotter showing (a) a 
continuous sequence match of crtYB in Rhodotorula diobovata on the x-axis and crtYB 
sequence from Rhodotorula graminis on the y-axis and (b) regions that are strongly conserved 
between crtYB of R. diobovata and the crtYB sequence from Xanthophyllomyces dendrorhous, 
with little evident conservation in the rest of the lengths of the two protein-coding sequences.  

 

5.4. Conclusion 

     This study presented the whole genome sequencing of oleaginous and carotenogenic 

basidiomyte, Rhodotorula diobovata, and revealed core differences between amino acid 

sequences of R. diobovata proteins involved in the lipid and carotenoid biosynthesis pathways 

and those from other oleaginous yeasts. The unconventional mode of action of Malic enzyme 

and ATP:Citrate lyase in L. starkeyi and Y. lipolytica may be connected to their sequence 

organization. Dot plot analysis of the coding sequences of Malic enzyme and crtYB confirmed 

sequence homologies between R. diobovata and R. graminis sequences. There was, however, 

non-sequential alignment between crtYB CDS sequences from R. diobovata and those from X. 

dendrorhous. This research presents useful information for genetic engineering and the potential 

exploration of R. diobovata  as a biotechnological ‘workhorse’.  
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Chapter 6: Proteomic analyses of the oleaginous and carotenogenic yeast Rhodotorula 

diobovata across growth phases under nitrogen- and oxygen-limited conditions 

6.0. Preface 

      This work has been published in Fakankun, I., Spicer, V., & Levin, D. B. (2021). Proteomic 

analyses of the oleaginous and carotenogenic yeast Rhodotorula diobovata across growth phases 

under nitrogen-and oxygen-limited conditions. Journal of Biotechnology, 332, 11-19. 

The candidate, Irene Fakankun, was responsible for conceptualization, methodology, and wrote 

the original manuscript draft. Victor Spicer provided the software expertise and analysis. Dr. David 

Levin provided resources, supervision, and reviewed and edited the manuscript drafts.  

6.1. Abstract 

      Carotenoids and triacylglycerols from yeasts are important bioproducts that can be utilized 

for the nutraceutical and biodiesel industries respectively. Rhodotorula diobovata is capable of 

producing these bioproducts under varied culture conditions. These products have been linked to 

the early stationary growth phase and their levels only start to decline at the late stationary phase 

when carbon becomes limiting. While nitrogen-limitation influences the onset of lipogenesis, 

continuous synthesis and accumulation of neutral lipids may be dependent on other culture 

conditions such as aeration. Proteomic analyses were conducted to enhance our understanding of 

changes in gene product expression under culture conditions with nitrogen-limitation, coupled 

with insufficient aeration, and revealed a correlation between the upregulation of proteins in the 

lipolysis pathways and the reduced synthesis of fatty acids at the early stationary phase. 

Upregulation of glycolytic pathway enzymes suggested that glucose was quickly converted into 

pyruvate and then acetyl-CoA. However, acetyl-CoA flux favoured carotenoids biosynthesis 

over fatty acid synthesis, as cells transitioned into the stationary phase.  
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6.2. Introduction 

      The red oleaginous yeast, Rhodotorula diobovata, is able to concomitantly synthesize 

triacylglycerols (= TAGs, also referred to as neutral lipids) and carotenoids to high 

concentrations relative to other microorganisms. Moreover, R. diobovata is able of utilize a 

plethora of carbon substrates for growth and metabolism [Newell and Hunter, 1970], including 

biodiesel-derived waste glycerol [Munch et al., 2015]. Culture conditions are known to influence 

the rate of growth, the ultimate cell density, and biosynthesis of metabolic end-products, such as 

TAGs and carotenoids [Fakankun et al., 2019]. The onset of TAG biosynthesis in oleaginous 

microorganisms has been linked to nitrogen-limitation within cells [Ratledge, 2002] and work 

has been done to understand the molecular basis of the cascade of reactions that follow after 

nitrogen has been exhausted [Zhu et al., 2012]. Aeration has also been linked to cell growth and 

carotenoid biosynthesis [Hagi et al., 2015]. Based on results from Chapter 4, aeration influences 

cell growth rate, as well as both TAG and carotenoid biosynthesis in R. diobovata.  

      Multi-omic studies have been performed to understand oleaginicity and its relationship to 

culture conditions in R. toruloides [Wen et al. 2020]. While genomic analyses are powerful tools 

to understand the metabolic potential of cells, they cannot address functional questions [Martin 

and Nelson, 2001]. The major limitation of the genomic approach is the inability of gene 

sequence data alone to reveal which gene products are expressed at any one time, or the 

metabolic role of these gene products [Dove, 1999]. It is therefore beneficial to employ other -

omics techniques to study genes and their gene product expression levels.  

      Zhu et al. [2012] used a proteomic and transcriptomic approach to understand the 

relationship between the induction of lipogenesis in Rhodosporidium toruloides and nitrogen-

limitation. Transcriptomic and proteomic analyses revealed a correlation between nitrogen- 
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limiting culture conditions and upregulation of genes and gene products relating to the 

biosynthesis of fatty acids. Tiukova et al. [2019] examined differences in levels of gene product 

expression between Rhodotorula cells grown on xylose compared to glucose, and concluded that 

sugar importation was a limiting step during lipogenesis.  

Culture conditions have been discovered to influence carotenoid biosynthesis and 

profiles. Red yeasts, which include species in the genera Rhodotorula and Rhodosporidium, 

synthesize a range of carotenoids, such as b-carotene, g-carotene, torulene, and torularhodin. 

Tang et al. [2019] reviewed how culture conditions influence the carotenoid profiles of 

Rhodotorula species. They concluded that carbon and nirogen sources, propotion of minerals, 

temperature and irradiation can influence total carotenoids and the types of carotenoids 

synthesized by Rhodotorula species. 

      The influence of culture conditions on cell growth and productivity, and synthesis patterns of 

TAGs and carotenoids by R. diobovata was reported by Nasirian et al. [2018]. Their results 

showed a progressive increase in neutral lipid accumulation associated with the exponential 

growth phase that ended when the carbon source became limiting. These results were consistent 

with TAG patterns reported for other oleaginous microorganisms [Ratledge, 2002; Ratledge and 

Wynn, 2002; Lopes et al., 2020]. To date, proteomic analyses of Rhodotorula species relative to 

both TAG and carotenogenesis has not been reported. Here, we show how both limiting nitrogen 

and oxygen concentrations impact both TAG and carotenoid biosynthesis, and further analyze 

levels of gene product expression during the exponential and stationary growth phases of R. 

diobovata. This study provides insights into how culture conditions influence gene product 

expression levels, pathway utilization, and end-product synthesis patterns. 
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6.3. Materials and Methods 

6.3.1.  Yeast strain and culture conditions 

      The yeast strain and pre-culture methods were described in Section 3.1. Cells were then 

cultured in 500 mL Erlenmeyer flasks containing 350 mL autoclaved GMY medium inoculated 

with precultured cells equivalent to 0.02 optical density (OD600). Cultures were incubated at room 

temperature (23 oC) for 120 hrs on a shaking incubator (100 rpm). Experiments were carried out 

in triplicate. Samples (4 mL) were collected every 6 hrs for the first 24 hrs, every 12 hrs until 48 

hrs pi, and every 24 hrs thereafter, up to 120 hrs pi. These samples were used to measure cell 

growth, ammonium concentration, and pH. Samples were also collected at 36, 48, 96 and 120 hrs 

pi to measure glucose consumption, lipid, and carotenoid concentrations. Data was subjected to 

Analysis of Variance (ANOVA) using Microsoft Excel software. 

6.3.2.  Substrate concentrations 

      Ammonium ion concentrations (NH4+), dissolved oxygen and dextrose concentrations were 

quantified using methods described in Section 3.3. 

6.3.3. Lipid extraction and fatty acid composition 

      Neutral lipid extraction, transesterification of fatty acids and determination of fatty acid 

composition methods were described in Section 3.4. 

6.3.4.  Carotenoid extraction and quantification 

      Carotenoid extraction and quantification methods were described in Section 3.5.  

6.3.5.  Protein extraction and quantification 

      Protein samples were extracted using a combination of mechanical methods. 10 mL samples 

were centrifuged at 16,000 x g for 30 min and washed twice in ultra-pure water, followed by a 

PBS wash (10X PBS). Cells were re-suspended in lysis buffer containing 1% SDS, 100 mM 
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dithiothreitol (DTT), 100 mM ammonium bicarbonate, and 100X protease inhibitors, and pre-

washed 500 µm glass beads (Fisher Scientific, ACROS Organics™). Cell rupture was carried out 

by using a bead-beater (Fisherbrand Bead Mill 24 Homogenizer) with 3 cycles for 30 seconds (s) 

and cooling on ice for 30 s between cycles. The supernatant was transferred into fresh tubes and 

incubated at a temperature of 95 °C for 5 min. Samples were cooled on ice for 10 min followed 

by centrifugation at 20,000 x g for 30 min. Protein quantification, digestion and further 

analysis were carried out on the supernatants. Protein concentrations were quantified using 

Pierce detergent compatible Bradford assay kit (Thermo Fisher Scientific). Protein samples were 

sent to the Manitoba Chemical Analysis Laboratory (MCAL) for protein digestion, tandem mass 

tag-labelling, sample fractionation, mass spectrometry data acquisition and protein identification. 

6.3.6.  Protein digestion 

      Protein samples were processed using single-pot, solid-phase-enhanced sample preparation 

(SP3) protocol as described by Coleman et al. [2020]. Aliquots of lysate (80 μg) were reduced 

with 10 mM (final concentration) DTT for 30 min at 60 ˚C followed by alkylation using 50 mM 

(final concentration) iodoacetamide (IAA) for 45 minutes in the dark at room temperature. Bead 

mixtures consisting of two types of carboxylate modified SeraMag Speed beads (GE Life 

Sciences) were combined in a ratio of 1:1 (v/v), washed, and reconstituted in water at a 

concentration of 20 μg solids/μL bead mix. Ten μL of bead mix was then added to the reduced 

lysate, and samples were adjusted to pH 7.0 using HEPES buffer. To promote proteins binding to 

the beads, acetonitrile was added to a final concentration of 70% (v/v), and samples were 

incubated at room temperature on a tube rotator for 18 min. Beads were then immobilized on a 

magnetic rack for 1 min. The supernatants were discarded, and the pellets were rinsed twice with 

200 μL of 70% ethanol and once with 200 μL of 100% acetonitrile while on the magnetic rack. 
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Rinsed beads were resuspended in 32 μL of 50 mM HEPES buffer (pH 8) supplemented with 

trypsin (Promega) at an enzyme-to-protein ratio of 1:25 (w/w) and incubated for 16 hrs at 37 ˚C. 

After overnight digestion, the supernatants containing peptides were removed and transferred 

into fresh 1.5 mL microfuge tubes.  

6.3.7.  Tandem mass tag-labelling  

      Representative samples containing 85 μg of peptides were adjusted to the same 

concentrations using 50 mM HEPES (pH 8.0) and labelled with 3 sets of 6-plex tandem mas tag 

(TMT) reagents (Thermo Fisher Scientific). Aliquots (0.8 mg) of each TMT channel were first 

dissolved in 41 µL of DMSO before adding to the corresponding peptide digests. The labelling 

reactions were incubated at room temperature for 60 min. Samples were quenched for 15 min 

after incubation, with the addition of 8 µL of 5% hydroxylamine and labelled samples within the 

same TMT set were mixed at equal volume before proceeding to 2D LC/MS/MS.  

6.3.8.  Sample fractionation using pH 10 reversed-phase LC 

      An Agilent 1100 series LC system with a UV detector (214 nm) and 1 mm×100 mm XTerra 

C18, 5 μm column (Waters, Ireland) was used for pH 10 first dimension reversed-phase 

separation. A 1.8 % acetonitrile gradient (0.1-59.9% acetonitrile in 30 min) was delivered at a 

flow rate of 150 μL/min. Both eluents A (water) and B (1:9 water: acetonitrile) contained 20 mM 

ammonium formate pH 10. Twenty 1-min fractions were collected and concatenated into 10 to 

provide optimal separation orthogonality. These fractions were lyophilized and resuspended in 

0.1% formic acid for the second dimension. 

6.3.9.  Mass spectrometry data acquisition 

      Analysis of TMT labelled peptide digests were carried out on an Orbitrap Q Exactive HF-X 

instrument (Thermo Fisher Scientific, Bremen, Germany). The sample was introduced using an 
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Easy-nLC 1000 system (Thermo Fisher Scientific) at 1 μg per injection. Mobile phase A was 

0.1% (v/v) formic acid and mobile phase B was 0.1% (v/v) formic acid in 80% acetonitrile (LC-

MS grade). Gradient separation of peptides was performed on a C18 (Luna C18(2), 3 μm particle 

size, Phenomenex, Torrance, CA) column packed in-house in Pico-Frit (100 μm X 30 cm) 

capillaries (New Objective, Woburn, MA). Peptide separation was using the following gradient: 

5% phase B over 2 min, 5-7 % increase of phase B over 2 min, 7-25 % over 60 minutes, 25-60 % 

over 15 min, 60-90% over 1 min, with final elution of 90% B for 10 min at a flow rate of 300 

nL/min.  

      Data acquisition on the Orbitrap Q Exactive HF-X instrument was configured for the data-

dependent method using the full MS/DD−MS/MS set up in a positive mode. Spray voltage was 

set to 1.9 kV, funnel RF level at 40, and heated capillary at 275 °C. Survey scans covering the 

mass range of 350–1500 m/z were acquired at a resolution of 120,000 (at m/z 200), with a 

maximum ion injection time of 60 milliseconds (ms), and an automatic gain control (AGC) 

target value of 3e6. For MS2 scan triggering, up to 20 most abundant ions were selected for 

fragmentation at 32% normalized collision energy, with intensity threshold kept at 3.8e4. AGC 

target value for fragment spectra was set at 1E5, which were acquired at a resolution of 30,000, 

with a maximum ion injection time of 80 ms and an isolation width set at 1.2 m/z. Dynamic 

exclusion of previously selected masses was enabled for 20 s, charge state filtering was limited 

to 2–6, peptide match was set to preferred, and isotope exclusion was on. 

6.3.10.  Protein identification and differential analysis 

      Peptide identification was done using X!tandem (cyclone 2012.10.01.1) against the 

organism’s FASTA-format protein database. Peptide identification settings were standard for the 

instrument: single missed cleavage tryptic peptides were permitted, with a parent and fragment 
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mass tolerance of 10 parts per million (ppm). A fixed post-translational modification (PTM) of 

C+57.021 was applied, and variable PTMs including N-terminal acetylation, deamidation, 

phosphorylation and oxidation were permitted. Peptide assignment into source proteins was 

managed by X!tandem. 

      Peptide level TMT reporter intensities were integrated over a window of +-0.1 Daltons (Da) 

each and corrected for isotopic overlap between channels using the manufacturer supplied batch-

specific correction matrix. Protein level quantitation required at least two non-redundant peptides 

of expectation values log(e) £ -1.5 each, yielding highly confident protein assignments of at least 

log(e) £  -3. The sum of peptide level TMT6 reporter tag intensities for each protein was 

converted into a log2 scale for differential analysis. The overall protein expression values for 

each TMT channel were then normalized into an identical scale (mean = 0; standard deviation = 

1).  

      Differential analysis between normalized late exponential and early stationary phase cells 

was carried out using the Welch t-test function in Excel between population averages. 

Differences with P-values (Pval) < 0.05 and fold-change > 1.4 were considered statistically 

relevant and candidates for functional biological analysis. Proteins within biosynthetic pathways 

that were related to fatty acid and carotenoid production were also explored without recourse to 

cut-offs considered statistically relevant. Differences between normalized population means were 

scaled back to sample-level scale by multiplying them by an average of the standard deviation 

values from the 6 TMT channels, 2.39. 

6.4.  Results and Discussion 

6.4.1. Overview of R. diobovata proteome under nitrogen- and oxygen-limiting conditions 
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      Nitrogen- and oxygen-limitations were achieved by growing cells in GMY media on a 

shaking incubator at 100 rpm (as described in section 6.3.1.). Samples taken at 36 hrs pi (late 

exponential phase) and 48 hrs pi (early stationary phase) were collected for proteomic analyses 

(Figure 6.1). This was to compare exponential versus stationary phase proteomes in cells that 

were under both nitrogen- and oxygen – limiting conditions. Of the 8,001 proteins annotated in 

the R. diobovata genome, 4,408 proteins were identified and quantified. Of the 4,408 proteins 

quantified, 1,126 proteins were considered for initial functional biological analysis, as shown in 

Figure 6.2 (Pval < 0.05; DIFF > 0.5, where DIFF was a log2 fold-change).  

 

 

 

 

Figure 6.1. Growth curve of Rhodotorula diobovata cultures under nitrogen- and oxygen-limited 
conditions (cells were grown in GMY media, incubated at 23 oC on a shaking incubator at 100 
rpm. Data points represent the means of 3 independently replicated experiments. Error bars 
represent standard errors. Arrows indicate proteomics sample points from all three culture flasks. 
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Figure 6.2. Volcano plot of proteins in exponential phase versus stationary phase proteins, 
depicting proteins with fold change greater than 1.4 (DIFF ³ 0.5 and –log Pval ³ 1.3; or DIFF£ -
0.5 and –log Pval ³1.3). Red dots fit into the set cut-off, while black dots do not fit. 

      

Gene ontology annotation (http://geneontology.org) indicated that these proteins were 

related to various molecular and biological processes and were located in different parts of the 

cells (Figure 6.3). Proteins related to mRNA processing, histidine biosynthetic process, 

glycolytic process, RNA splicing, and mRNA splicing via spliceosome were upregulated. 

Upregulation of the glycolytic process, where glucose is converted to pyruvate, in early 

stationary phase, is consistent with glucose consumption by cells as they progressed through the 

exponential phase toward stationary phase (Table 6.1). 
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Figure 6.3. Gene ontology annotation showing the distribution of biological processes, and 
cellular components of total proteins considered for functional biological analysis. The upward 
columns represent the upregulated proteins while the downward columns represent the 
downregulated proteins. 

 
      By 36 hrs pi, ammonium and oxygen concentrations in the culture media had decreased to 

below detectable levels (Table 6.1). As nitrogen concentrations decreased to limiting levels, the 

histidine biosynthetic process was upregulated (Figure 6.3b) in a bid to release ammonia for 

other biosynthetic processes. Depletion of nutrients usually results in an induction of biological 

processes involved cell division and cell mass accumulation [Tesnière et al., 2018]. This could 

-50

-40

-30

-20

-10

0

10

20

mitochondrion
[GO:0005739]

structural
constituent of

ribosome
[GO:0003735]

cytoplasm
[GO:0005737]

nucleolus
[GO:0005730]

integral
component of

membrane
[GO:0016021]

ribosome
[GO:0005840]

Pe
rc

en
ta

ge
 d

ist
rib

ut
io

n
GO Cellular Component

0

5

10

15

20

25

30

mRNA processing
[GO:0006397]

histidine
biosynthetic process

[GO:0000105]

glycolytic process
[GO:0006096]

RNA splicing
[GO:0008380]

mRNA splicing, via
spliceosome

[GO:0000398]

Pe
rc

ce
nt

ag
e 

di
st

rib
ut

io
n

GO Biological Process 

a 

b 



 75 

account for the upregulation of mRNA processing, RNA splicing, and mRNA spliceosome 

associated proteins. The percentage distribution of proteins across cellular components in the cell 

population analyzed (Figure 6.3a) shows upregulation of cytoplasmic proteins. This correlates 

well with the upregulation of biological processes, including carbohydrate degradation and 

glycolysis, which occur in the cytoplasm. About 40% of proteins that were downregulated were 

related to the integral components of cell membrane. While there are many proteins in the 

membrane not related to lipid production, this downregulation correlates with downregulation of 

fatty acid desaturase-domain-containing protein and  D12 fatty acid desaturase (Appendix B. 

Table 6.1).   
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Table 6.1. Nitrogen concentrations, dissolved oxygen percentages, glucose consumption, total lipid and carotenoid concentrations of R. diobovata 
cultured under nitrogen- and oxygen- limiting conditions at late exponential phase versus early stationary phase. 

  
NITROGEN 

CONCENTRATION 
(MG/L) 

DISSOLVED 
OXYGEN (%) 

GLUCOSE 
CONCENTRATION 

(G/L) 

TOTAL 
TAGs (% 

DCW) 

TOTAL 
CAROTENOIDS 

(µG/G DCW) 
36 HRS PI 

(LATE 
EXPONENTIAL 

PHASE) 

0 0.156 ± 0.25 46.73 ± 1.64 12.25 ± 0.23 254.59 ± 55.14 

48 HRS PI 
(EARLY 

STATIONARY 
PHASE) 

0 0.156 ± 0.25 17.33 ± 4.29 4.57 ± 0.53 470.18 ± 42.17 
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6.4.2. Influence of nitrogen- and oxygen-limitation on lipid biosynthesis across the growth curve 

      Substrate concentrations including ammonium, oxygen, and glucose were measured 

alongside TAG and carotenoid concentrations (Table 6.1). Previous experiments had shown that 

TAG synthesis began at the late exponential phase, when nitrogen concentrations became 

limiting and concentrations of TAGs continued to increase into the late stationary phase [Munch 

et al., 2015; Nasirian et al., 2018]. In the current study, however, we observed a slightly different 

pattern, as another nutrient-limitation was introduced to the system. Cells cultured shake-flasks 

stirred at only 100 rpm experience oxygen-limitation. Nitrogen and oxygen became limiting at 

the same time (36 hrs pi; Table 6.1). Lipid production decreased by about 62% dry cell weight 

(dcw) at that point, and then increasing after 48 hrs pi. To better understand the molecular 

background of the temporary downturn in lipid synthesis, despite nutrient limitations, the 

proteomic profile of R. diobovata was examined in the late exponential phase versus the early 

stationary phase. 

      The onset of TAG (neutral lipid) synthesis (termed oleaginicity) has been shown to be 

triggered by nutrient-limitation, especially nitrogen-limitation, within the cells [Ratledge, 2002]. 

When nitrogen is used up, AMP deaminase is activated in a bid to make up for lack of nitrogen 

in the culture medium by the release ammonium from adenosine monophosphate (AMP).  

As a result of low AMP concentrations, isocitrate dehydrogenase activity in the mitochondria is 

also reduced. Consequently, isocitrate equilibrates with citrate by the action of aconitase, 

increasing intracellular citrate concentrations. Citrate then exits from the mitochondrion and is 

cleaved by the enzyme, ATP:Citrate lyase in the cytosol, which generates Acetyl-Coenzyme A 

(Acetyl-CoA), the starting point of fatty acid synthesis. Oxaloacetate, another product from the 

cleavage of citrate, is converted to malate, which is then converted to pyruvate in the presence of 
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malic enzyme. The Malic enzyme then generates NADPH, which is necessary for the reduction 

of the acetyl-group for the biosynthesis of the fatty acid [Ratledge, 1992]. An alternative route 

for the generation of NADPH, which is necessary for fatty acid biosynthesis, is the pentose 

phosphate pathway [Zhang et al., 2013] (see Chapter 2; Section 2.5). 

     In contrast to the process described, R. diobovata displayed downregulation of proteins 

associated with the lipid biosynthesis pathway under nitrogen- and oxygen-limiting conditions. 

Specifically, gene products in the acetyl-CoA contributory pathway were downregulated 

(without recourse to cut-offs considered statistically relevant; log2 of fractional change shown in 

Appendix B Table 6.1): AMP deaminase (DMC30DRAFT_228890), Isocitrate dehydrogenase 

(NAD) subunit (DMC30DRAFT_17449), Aconitase (DMC30DRAFT_146559), and ATP-

Citrate lyase (DMC30DRAFT_438925). These results were consistent with the physiological 

changes observed in lipid concentrations (Table 6.1).  

     ATP:Citrate lyase (ACL), annotated as ATP:Citrate synthase in the R. diobovata genome, has 

been suggested as the key enzyme responsible for lipid biosynthesis in oleaginous yeast, as it is 

absent in non-oleaginous yeasts such as Saccharomyces cerevisiae [Ratledge and Wynn, 2002].  

Although the absence of ACL signified non-oleaginicity, its presence does not automatically 

correlate with oleaginicity. R. diobovata has, for a long-time, been considered an oleaginous 

microorganism, and like other red yeasts, it was expected that nitrogen-limitation would result in 

an upregulation of ACL, as reported in Zhu et al. [2012]. The combination of nitrogen- and 

oxygen-limitation, however, appears to result in the downregulation (although not statistically 

significant based on preset cut-offs) of not only ACL, but also three other key fatty acid 

biosynthesis gene products, including acetyl-CoA carboxylase (DMC30DRAFT_43486) and the 
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two subunits of fatty acid synthase (DMC30DRAFT_346063 & DMC30DRAFT_350525), 

which are downstream the fatty acid biosynthesis pathway (Figure 6.4). 

 

Figure 6.4.  Metabolic pathways of R. diobovata grown under nitrogen- and oxygen-limiting 
conditions showing glycolysis, the pentose phosphate pathway, the TCA cycle, fatty acid de-
novo synthesis, isoprenoid biosynthesis and triacylglycerol biosynthesis. Proteins are colour-
coded based on the log2-normalized fold change values of exponential phase expressions relative 
to stationary phase expressions. Green coloured proteins:  DIFF ³ 0.5 & -logPval ³ 1.3, Red 
coloured proteins: DIFF £ -0.5 & -logPval ³ 1.3, black-coloured proteins do not fit into the pre-
set cut-off limits 
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     Lopes et al. [2020] suggests that fatty acid biosynthesis is usually limited by an ample supply 

of NADPH, but despite the upregulation of malic enzyme and enzymes of the pentose phosphate 

pathway (PPP), which also supply NADPH for fatty acid biosynthesis, there was a downward 

trend of lipid production in the cells (Table 6.1). Without recourse to cut-offs that were 

considered statistically significant, NADPH producing enzymes in the PPP, glucose-6-phosphate 

dehydrogenase (DMC30DRAFT_350923), the first enzyme in the PPP, and 6-phosphogluconate 

dehydrogenase decarboxylating (DMC30DRAFT_354288), were upregulated. Despite the 

apparent upregulation in NADPH supplying enzymes, there was no corresponding increase in 

fatty acid biosynthesis. This suggests that fatty acid biosynthesis in oleaginous yeast particularly 

in R. diobovata may require the upregulated activity of both NADPH supplying enzymes and 

acetyl-CoA synthesizing enzymes. 

6.4.3. Influence of nitrogen and oxygen limitation on carotenoid biosynthesis 

     The first step in the biosynthesis of carotenoids is the formation of the first five-carbon 

isoprene unit, isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl diphosphate 

(DMAPP). This is achieved by the mevalonate pathway. Before the formation of IPP and 

DMAPP, acetyl-CoA (which is the building block for both fatty acid synthesis and the 

carotenogenic pathways) is converted from Acetyl-CoA acetyltransferase (DMC30DRAFT_ 

418173) to acetoacetyl-CoA by Thiolase (Figure 6.4). Our proteomic data show an upregulation 

of the Thiolase, suggesting an inclination towards the carotenoid biosynthetic pathways over the 

fatty acid biosynthesis pathways. 

     Goodwin [1993] reviewed the mevalonate pathway and concluded that the carotenoid 

biosynthetic pathway involves three steps. The first step involves the conversion of acetyl-CoA to 

3-hydroxy-3-methyl glutaryl-CoA (HMG-CoA), which is catalyzed by HMG-CoA synthase 
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(DMC30DRAFT_389477). Without recourse to cut-offs considered statistically relevant, we 

hypothesize that HMG CoA synthase was upregulated. HMG-CoA is then converted into a C6 

compound, mevalonic acid (MVA), which is the first specific precursor of the terpenoid 

biosynthetic route. MVA is further converted into isopentenyl pyrophosphate (IPP) by a series of 

reactions involving phosphorylation by MVA kinase followed by decarboxylation. IPP is the 

building unit for the synthesis of terpenoids [Sandmann, 2001].  

The second step involves the conversion of the relatively unreactive IPP to its more reactive 

electrophile isomer, dimethylallyl pyrophosphate (DMAPP) by enzyme isopentenyl 

pyrophosphate isomerase. This is followed by the sequential addition of three IPP molecules to 

DMAPP. These reactions are catalyzed by Prenyltransferase to yield the C20 compound, 

geranylgeranyl pyrophosphate (GGPP), which is the direct precursors of mono-, di-, and tri-

terpenes, and of carotenoids. Condensation of two molecules of GGPP leads to phytoene (the first 

C40 carotene of the pathway), which undergoes desaturation to form Lycopene.  In the third and 

final step, lycopene acts as a precursor of cyclic carotenoids and undergoes several metabolic 

reactions (e.g. cyclization) to form β-carotene, γ-carotene, torulene, and torularhodin [Frengova 

and Beshkova, 2009].  

     Figure 6.4 highlights the enzymes considered relevant based on preset statistical cutoffs in 

green. It is obvious from the figure that the carotenoid biosynthesis pathway is favoured as growth 

transitions from the exponential to the stationary phase under nitrogen- and oxygen-limiting 

conditions.  These results are consistent with the over 100% increase observed in the 

concentrations of total carotenoids from the exponential to the stationary phase (Table 6.1).  
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6.4.4. Influence of nitrogen and oxygen limitation on lipid profile 

      Similar to results from Munch et al. [2015] and Nasirian et. al. [2018], the most prominent 

fatty acids synthesized by R. diobovata were palmitic (C16:0), oleic (C18:1C) and linoleic 

(C18:2C) acids. Proteomic analyses revealed upregulation of the Stearoyl-CoA 9-desaturase 

(DMC30DRAFT_247530), which is responsible for the addition of a double-bond between the 

C9 and C10 positions of the saturated fatty acid, stearate [Paton and Ntambi, 2009]. This 

upregulation was inconsistent with physiological changes observed in the decreased production 

of oleic acid between the exponential and stationary phase samples analyzed (Figure 6.5).  

 

Figure 6.5.  TAG profile of R. diobovata cultured under oxygen- and nitrogen-limiting 
conditions. Data points represent the means of 3 independently replicated experiments. Error 
bars represent standard errors. *statistically significant at 5% probability level 

 

     The enzyme  D12 fatty acid desaturase (DMC30DRAFT_ 354392) catalyzes the conversion 

of oleic acid to linoleic acid. Our proteomic data show a downregulation of this protein, which 

correlates with the reduction in the production of linoleic acid between the late exponential phase 

and the early stationary phase. The enzyme D12 Fatty acid desaturase has been linked to the cold 
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adaptation in Rhodosporidium kratochvilovae, where a knockout of the gene coding for D12 

Fatty acid desaturase resulted in a decrease of polyunsaturated fatty acids (PUFA) and reduced 

growth rate [Wang et al., 2017]. Culture conditions have been linked to PUFA production in 

yeasts [Wang et al., 2017].  

     Stress-induced by the introduction of aluminum was shown to upregulate genes coding for 

fatty acid desaturase [Nian et al., 2012].  Dissolved oxygen concentrations and lower 

temperatures have also been found to influence lipid unsaturation while increased salinity 

resulted in downregulation of fatty acid desaturase [Raspor and Zupan, 2006]. In this work, 

increased stress levels resulting from nitrogen- and oxygen-limiting conditions during the 

transition from the late exponential phase to the early stationary phase were not correlated with 

an increase in D12 fatty acid desaturase activity in R. diobovata. D4 fatty acid desaturase 

(DMC30DRAFT_130936) activity was also seen to be downregulated, inferring that the 

production of docosahexaenoic acid was reduced. 

6.4.5.  Influence of nitrogen and oxygen limitation on carotenoid profile 

     b-carotene, torulene, g-carotene, and torularhodin are the main pigments in Rhodotorula and 

Rhodosporidium species [Buzzini et al., 2007]. In the current study, b-carotene and g-carotene 

were not detected, and possibly were present at concentrations below detectable levels, while high 

concentrations of torularhodin were present in R. diobovata. Bifunctional Lycopene 

cyclase/Phytoene synthase (crtYB) catalyzes the conversion of geranylgeranyl diphosphate to 

phytoene at the C-terminal, the cyclization of lycopene to g-carotene, and the cyclization to b-

carotene at the N-terminal. Without recourse to preset cutoffs, crtYB was upregulated by 1-fold 

which explains the very low concentrations of b-carotene. Phytoene dehydrogenase (V5QFM4), 

crtI was upregulated 1.3-fold (P = 0.018). This is consistent with the increased production of 
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torularhodin (Figure 6.6), which is synthesized from torulene by oxidation and hydroxylation 

reactions. 

 

Figure 6.6. Torularhodin profile of R. diobovata cultured under nitrogen- and oxygen-limiting 
conditions at 36 hours versus 48 hours. Data points represent the means of 3 independently 
replicated experiments. Error bars represent standard errors. 

 

6.4.6. Acetyl-CoA flux under nitrogen- and oxygen-limiting conditions across growth phase 

     Acetyl CoA serves as a precursor for many biosynthesis reactions and is the branch point for 

both fatty acid and carotenoid biosynthesis. Figure 6.7 shows how acetyl-CoA could be switched 

to other pathways apart from the fatty acid biosynthesis pathway. The enzymes in the 

biosynthetic pathways of lysine, leucine, carotenoids and glyoxylate cycle were upregulated. 

There was, however, a downregulation of acetyl-CoA synthesis via acetyl-CoA synthase and 

ATP-Citrate lyase (without recourse to cut-offs considered statistically significant). This 

generates a question as to how acetyl-CoA was supplied in the cytoplasm to feed upregulated 

biosynthetic processes under nitrogen- and oxygen-limiting conditions.  Results also show an 

upregulation of proteins in the fatty acid b-oxidation pathway, which supplies acetyl-CoA in the 
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mitochondria (Supplementary Figure 6.1), suggesting that the culture conditions may have 

influenced lipolysis positively in the early stationary phase of growth. It is therefore possible that 

both the onset of lipolysis and the downregulation of proteins in the acetyl-CoA contributory 

pathway in the cytosol contribute to the decrease in TAG synthesis observed at the 48-hour time 

point. 

 

 

 

 

Figure 6.7.  Protein expressions show acetyl-CoA flux favours carotenoid biosynthesis over fatty 
acid biosynthesis. Green coloured proteins:  DIFF ³ 0.5 & -logPval ³ 1.3, Red coloured proteins: 
DIFF £-0.5 & -logPval ³ 1.3, black-coloured proteins do not fit into DIFF ³ 0.5 & -logPval ³ 1.3 
and/or DIFF £-0.5 & -logPval ³ 1.3.  

 
 
6.5. Conclusion 

      This study reveals the impact of nitrogen- and oxygen-limitations on lipid and carotenoid 

biosynthesis across the growth curve of R. diobovata. Proteomic analyses revealed elevated 

levels of proteins involved in NADPH supply and downregulation of proteins involved in acetyl-

CoA supply for fatty acid biosynthesis in oleaginous yeast, which resulted in less fatty acid 
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synthesized between the exponential and stationary growth phases.  This suggests a co-

dependence between nitrogen and oxygen in sufficient concentration during the progressive 

biosynthesis of fatty acids in oleaginous yeasts. Despite the downregulation trend of acetyl-CoA 

synthesis from ACS1, the acetyl-CoA flux favoured isoprenoid biosynthesis over fatty acid 

biosynthesis synthesis suggesting that supply of acetyl-CoA for isoprenoid biosynthesis may be 

obtained from a different source.   
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Chapter 7: Research achievements, conclusions and future directions 

7.1. Overview of achievements and contribution 

      Oleaginous red yeasts are natural producers of carotenoids for neutraceuticals and TAGs for 

biodiesel industries. In addition to the array of bioproducts they make, they have the potential to 

become biotechnological workhorses. Similar to many other microorganisms, these yeasts are 

impacted by culture conditions which could in turn influence their productivity. 

      Chapter 2 of this thesis summarized the impact of culture conditions on oleaginous yeasts, 

outlining factors that influence growth and productivity of lipids and carotenoids. The fatty acid 

de novo biosynthesis and carotenoid biosynthesis pathways were described in this chapter. This 

chapter also reviewed multi-omic investigations and genetic manipulations of oleaginous yeast 

strains to improve TAG and carotenoid biosynthesis. The review showed gaps in the study of 

oleaginous red yeasts, as R. toruloides, which has been called the ‘biotechnological workhorse’ 

had remained the most researched for many years. The high lipid productivity of the previously 

under-characterized oleaginous red yeast, R. diobovata motivated further investigations.  

      Nitrogen-limitation is key to inducing TAG synthesis [Ratledge, 2002] and previous studies 

from our lab have examined R. diobovata’s growth and productivity when cultured using 

different carbon substrates. In chapter 4, we examined the link between aeration, TAG, and 

carotenoid productivity under nitrogen-limiting conditions. The results implied that                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

R. diobovata consumed less glucose to make TAGs and carotenoids in oxygen-rich cultures. 

While the onset of TAG synthesis and accumulation coincided with nitrogen exhaustion (when 

nitrogen levels were below detectable limits), the onset of carotenoid synthesis and accumulation 

coincided with low concentrations of dissolved oxygen (i.e. when the DO concentration was 

below detectable limits). Results also showed that sufficient aeration in tandem with nitrogen-
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limitatation could improve biomass comncentrations by over 100 %, double carotenoid and lipid 

productivity, and reduce substrate concentrations required by about 30%. This chapter addressed 

disparity between flask -grown and bioreactor cultures of R. diobovata as it relates to carotenoid 

and TAG synthesis.   

      The previously under-characterized red yeast, R. diobovata, outperformed other oleaginous 

yeasts studied by Munch et al. (2015) and the molecular basis of its productivity had not been 

established. To enable research into its molecular basis, the genome first had to be sequenced. 

Chapter 5 presents the first publicly available whole genome sequence of R. diobovata with 

genome size similar to that of other Rhodotorula species, and 7,970 protein coding genes 

annotated with an average protein length of 510 amino acids.  A comparative genome analyses 

revealed differences between proteins in the carotenoid and fatty acid biosynthesis pathways in 

R. diobovata compared with Rhodotorula species and other oleaginous species, implying that the 

controversy surrounding ACL and ME activity in lipoogenic conditions of some oleaginous 

yeasts may not be unconnected with structural differences in their proteins.  Nucleotide sequence 

similarity plots of ME and crtYB sequences revealed homology between R. diobovata and R. 

graminis sequences analyzed. There was however non sequential alignment between crtYB  

CDS sequences from R. diobovata and those from X. dendrorhous. These results serve as useful 

background work for the engineering of R. diobovata for improved lipid and carotenoid 

synthesis.  

     Nutrient-limitation has been linked to lipid and carotenoid biosynthesis. Chapter 4 had shown 

a correlation between the onset of TAG synthesis and nitrogen exhaustion. We also observed a 

decrease in lipid synthesis from late exponential to early stationary phase in cells that were 

grown under nitrogen- and oxygen-limiting conditions.  This was contrary to what had been 
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observed in studies by Munch et al. [2015] and Nasirian et al. [2018], where TAG synthesis and 

accumulation steadily increased from the late exponential phase into the late stationary phase. A 

proteomic analysis of the late exponential versus early stationary phase was therefore necessary 

to investigate the molecular basis of the drop in fatty acid synthesis observed.  

      Chapter 6 revealed that the progressive synthesis of fatty acid was influenced by a co-

dependence of nitrogen and oxygen concentrations in the culture. There were elevated levels of 

proteins involved in NADPH supply but a downregulation of proteins involved in acetyl-CoA 

contributions. This implied that fatty acid biosynthesis in R. diobovata depended upon both the 

NADPH contributory proteins and the acetyl-CoA contributory proteins. Despite the acetyl-CoA 

contributory pathway being downregulated, the carotenoid biosynthesis proteins were 

upregulated. This suggested that the acetyl-coA flux favoured progressive carotenoid 

biosynthesis over fatty acid biosynthesis under nitrogen and oxygen-limiting conditions across 

the growth curve. Therefore, genetic manipulation of R. diobovata for increased TAG synthesis 

should invole overexpression of ME, ACL, and ACS. 

7.2.   Genetic engineering significance and future directions 

      This thesis presents valuable data for the engineering of Rhodotorula diobovata to maximize 

their TAG and carotenoid productivity. R. toruloides has gained prominence as a TAG and 

carotenoid producer and it remains the most researched and engineered oleaginous red yeast. 

Like other Rhodotorula species, its main reported carotenoids are γ-carotene, β-carotene, 

torulene, and torularhodin. Therefore, the discovery of a strain which is naturally capable of 

synthesizing high value astaxanthin [Tran et al., 2019] , one of the most powerful antioxidants in 

nature, needs to be further investigated as this could be a promising pathway for the organic 

astaxanthin market. Multiple genomics, proteomics and metabolomics research have been carried 
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out on R. toruloides. The multiple genome sequences have helped to understand their metabollic 

pathways and design specific genetic tools [Park et al. 2018]. There is however the lack of 

replicable plasmids and the problem of low efficiency of recombination and transformation in 

the genetic engineering of R. toruloides as described by Wen et al. [2020].  It is therefore 

important that other red oleaginous yeasts are explored and not left behind in this research. This 

work and other research from our lab has shown that other red yeasts are equally as capable as R. 

toruloides and could serve good purpose in lipid research.  

          The multi-omic insight of this research into R. diobovata provides useful data for culture 

optimization and genetic manipulations of this yeast to improve TAG and/or carotenoid 

biosynthesis. The two-way method described by Chaturvedi et al. [2020], in which the 

carotenoid biosynthesis pathway is repressed to favour the fatty acid denovo biosynthesis or vice 

versa, should be explored to enhance production of lipids or carotenoids. An addition of the 

crtS/crtR genes into the carotenoid synthesis pathway could also provide a viable route for the 

production of high value organic astaxanthin by R. diobovata. 

As genetic engineering addresses yield of important bioproducts, it is equally important 

that these yeasts are engineered to grow more optimally on waste substrates, with a shorter lag 

phase, and resist targeted stress which may impede production. This will enhance their industrial 

attractiveness and hence, have a net positive effect on the production of lipids for biodiesel and 

carotenoids for neutraceuticals.  
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Appendix A: Sequencing and Assembly of Rhodotorula diobovata 08-225 

A.0. Preface 

      This section describes in detail the sequencing and assembly of the R. diobovata genome.  

A.1. Materials and Methods 

A.1.1.   Microorganism and DNA extraction 

      Microorganism and DNA extraction methods were described in Chapter 5.3.1.  

A.1.2. Genome sequencing 

      A DNA sample with a concentration of 324 ng/µL was sent to the University of Manitoba NGS 

core platform for sequencing. A total of four libraries were constructed, resulting in 3,051,898 

reads from the Ion Torrent PGM (IT) platform, and 9,949,684 reads, 8,240,002 reads, and 

5,899,760 reads from three Illumina libraries. The Illumina libraries had insert sizes of 300 bp, 

400 bp and 700 bp while IT library was 500 bp.  

A.1.3. Sequence data processing 

      The Ion torrent sequences were downloaded from an FTP (file transfer protocol) website 

created by the sequencing center while the Illumina MiSeq sequences were made available on 

Illumina’s basespace sequence hub (https://basespace.illumina.com/sample/36441735). 

Sequences were uploaded onto the Linux system, Flamingo, using the Filezilla software. Quality 
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of the sequences was assessed using FastQC, and read error correction was carried out by Quake 

and Pollux error correction software. Using FastQC, a comparative experiment was carried out 

that compared sequenced R. diobovata genome against that from R. toruloides NP11 available on 

the public EMBL-EBI database. This was done to ascertain the quality of the raw reads in 

comparison to already published data. R. toruloides genome was sequenced using IlluminaGAII 

and IlluminaGAIIx technologies and five libraries were reported. The library SRR516824 was 

used for the experiment. 

A.1.4. Genome Assembly 

      Quake-corrected Illumina reads were used for the assembly. An initial draft assembly from 

each library was carried out using Velvet, SPAdes, ALLPATHS, Abyss, and MIRA genome 

assemblers.  ALLPATHS was unable to assemble the ion-torrent data because the technology does 

not support single-end reads. A hybrid assembly of the three Illumina sequence libraries and the 

Ion-Torrent library was carried out using the Abyss genome assembler. To validate the 

completeness of the genome assembly, describe the transcriptional landscape, and obtain a more 

reliably annotated genome, RNA-seq was carried out.  

A.1.5. RNA Sequencing 

      Cells were grown on GMY media containing 3 g/L yeast extract, 8 g/L KH2PO4, 0.5 g/L 

MgSO4.H2O, and 20 g/L glucose. The inoculated flasks were incubated by shaking (150 rpm) in 

an orbital incubator at 30 °C for 90 hours.  Samples were taken every 6 hours and RNA was 

extracted and purified using the Qiagen RNeasy mini kit. RNA extraction was done in triplicate; 

concentrations of the resulting sample was measured using Thermo Scientific’s NanoDrop 1000 

spectrophotometer while the quality of the RNA was investigated using Bio-Rad ExperionTM 

Automated Electrophoresis System. The samples from 18-hour and 24-hour time points (Figure 
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A.1) were then sent to the McGill University and Génome Québec Innovation Centre for 

sequencing. RNA sequencing was conducted using the Illumina HiSeq 4000. 

 

Figure A.1. Growth curve of R. diobovata across 90 hours showing time points where samples 
were collected for RNA sequencing. Series 1, 2, and 3 refer to independent biological replicates.  
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A.1.6. Transcriptome Assembly 

      Transcript sequences were downloaded from the project data website 

(https://genomequebec.mcgill.ca/ nanuqMPS/project/ProjectPage/projectId/13952), as was done 

with the genome sequences. They were assessed for quality using the graphical FastQC software, 

and then cleaned up to remove adapter sequences using Trim Galore and Trimmomatic. 

Transcripts were de-novo assembled using rnaSPAdes and Trinity.  

A.2. Results and Discussion 

A.2.1. Genome Sequencing  

      The Ion Torrent PGM platform produced a total of 3,051,898 single-end reads and an average 

read length of 529 bases. Illumina MiSeq platform produced paired-end reads from three libraries 

(L) with insert sizes 300, 400, and 700. The 300L had 9,949,684 reads, 400L had 8,240,002 reads, 

and 700L had 5,899,760 reads, all with read length of 151. 

      The Ion Torrent PGM provided a longer read length, which can provide more reliable 

information about the locations of specific base pairs. Illumina MiSeq on the other hand, provided 

paired-end reads, which improves the ability to identify the relative position of various reads in 

the genome. Paired-end reads are more effective than single-end reads and they can significantly 

improve the genome assembly. They provide good alignment across DNA regions containing 

repetitive sequences, while detecting rearrangements such as insertions, deletions, and inversions 

(Illumina, 2017). To obtain the possible best result, a hybrid assembly of sequences from both 

platforms was considered. 

A.2.2 Quality Assurance 



   
 

 116 

      FastQC generated reports for each of the libraries giving a summary of the Basic statistics, Per 

base sequence quality, Per tile sequence quality, Per sequence quality scores, Per base sequence 

content, Per sequence GC content, Per base N content, Sequence length distribution, Sequence 

duplication levels, Overrepresented sequences, Adapter content, and Kmer content. 

      Initial quality checks were done on the 300L Illumina reads as well as the Ion Torrent (IT) 

reads. This was to verify that all adapter sequences had been removed and determine the usability 

of the entire sequence for assembly purpose with and without read error correction. Quake 

correction and Pollux correction software were tested to ascertain which worked best with the 

sequences. While Pollux error correction can be used for errors introduced through the Illumina, 

Ion Torrent and Roche 454 sequencing technologies (Marinier et al., 2015), Quake correction 

software is specifically intended for Illumina sequences (Kelly et al., 2010). The resulting changes 

in quality based on error correction are shown in Tables A1 to A5 and Figures A.2A to A.2E. 

Tables A1 to A5 show changes in the basic statistics and an expected reduction in the total number 

of sequences after error correction, while Figures A.2A to A.2E give a more detailed information 

about the sequence quality. 

      Per base sequence quality showed an overview of the range of quality values across all bases 

at each position in the FastQ file. The y-axis of the plot shows the quality scores and the x-axis 

shows positions in the read length. The graph is color-coded such that base calls that fall in the 

green category are of very good quality, those in orange, are of reasonable quality and those in red 

are of poor quality. The higher the quality scores, the better the base-call. The central red line in 

the plot is the median value, the yellow box is the inter-quartile range (25%-75%), the upper and 

lower whiskers represent the 10% and 90% points, and the blue line represents the mean quality. 

Quake corrected reads were of the best quality on the Illumina sequences and these reads were 
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used for all subsequent experiments.  

 
 
 
Table A1. Basic statistics of uncorrected 300L sequences using FastQC. 

  

Table A2. Basic statistics of Quake-corrected 300L sequences using FastQC. 
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Table A3. Basic Statistics of Pollux-corrected 300L sequences using FastQC. 

                              

 

Table A4. Basic statistics of uncorrected IT sequences using FastQC. 
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Table A5. Basic Statistics of Pollux-corrected IT sequences using FastQC. 
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Figure A.2. Quality plots of genome sequence data from: A) Uncorrected Illumina 300L 
sequences using FastQC; B) Quake-corrected Illumina 300L sequences using FastQC; C)  
Pollux-corrected Illumina 300L sequences using FastQC; D) Uncorrected IT sequences using 
FastQC; and E) Pollux-corrected IT sequences using FastQC. The central red line is the median 
value; the yellow box represents the inter-quartile range (25-75%); the upper and lower whiskers 
represent the 10% and 90 % points;the blue line represents the mean quality. 

B A. 

E 

D C 
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      The overall quality of the R. diobovata genome sequence was better than that of the R. 

toruloides NP11 genome available on the EMBL-EBI database, as shown by the FastQC results 

(Figure A.3; Table 6A). This could be due to improvement in sequencing technology over the 

years. 

 

 

Figure A.3. Quality plot of uncorrected R.toruloides sequences using FastQC. The central red 
line is the median value; the yellow box represents the inter-quartile range (25-75%); the upper 
and lower whiskers represent the 10% and 90% points;the blue line represents the mean quality. 
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Table 6A. Basic statistics of uncorrected R. toruloides sequences using FastQC. 

 

 

A.2.3 Genome Assembly 

     Different genome assembler programs were compared to obtain the best possible genome 

assembly. This comparison was done using the Quality Assessment Tool for Genome Assemblies 

(Quast). The most significant yardstick for measuring the quality of the assembly is the N50 

number. To calculate the N50 number, the contigs are first arranged from the largest to the 

smallest. Starting from the largest contig, the length of each contig is then added up until the 

running sum results in one-half of the total length of all the contigs. The N50 is the length of the 

shortest contig in this first half. The larger the N50, the better the assembly (Yandell & Ence, 

2012).  The number of contigs and the genome size are also important parameters. The smaller the 

number of contigs, the better the assembly. The size of the genome serves as a comparative tool 

against R. toruloides, whose size is 20.2 Mb. It is expected that the R. diobovata genome should 

be similar in size to R. toruloides, since they belong to the same genus. There were limited 
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assembly options with the IT data because they were single-end reads. SPAdes was initially used 

to assemble uncorrected IT data (Table 7A) but subsequent assemblies were done on pollux-

corrected reads (shown in the appendix – which one?).  

 

Table 7A. SPAdes assembly statistics of uncorrected IT sequences. 

Statistics without reference  
# contigs 5473 
# contigs (>= 0 bp) 68708 
# contigs (>= 1000 bp) 4219 
Largest contig 41177 
Total length 20304685 
Total length (>= 0 bp) 31699005 
Total length (>= 1000 bp) 19473569 
N50 6170 
N75 3344 
L50 976 
L75 2086 
GC (%) 66.53 
Misassemblies     
Unaligned 

 

Mismatches 
 

# N's 0 
# N's per 100 kbp 0 

 

      

The Abyss assembler produced an assembly with larger N50, longer contig lengths and smaller 

number of contigs with all the Quake-corrected illumina libraries, giving a total of 394 contigs, 

with the largest being 563,716 bp and an N50 of 118,648. There was a slight improvement when 

this was combined with IT sequences. (Table 8A) 
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Table 8A. Abyss assembly of R. diobovata sequences from Illumina and Ion Torrent platforms. 

Assembly 
Abyss All Illumima+IT 
R.diobovata-scaffolds AbyssAll Illumina R.diobovata-scaffolds 

# contigs (>= 0 bp) 6278 5598 

# contigs (>= 1000 bp) 374 380 

# contigs (>= 5000 bp) 297 303 

# contigs (>= 10000 bp) 260 270 

# contigs (>= 25000 bp) 207 214 

# contigs (>= 50000 bp) 142 142 

Total length (>= 0 bp) 21742382 21671086 

Total length (>= 1000 bp) 21133412 21133658 

Total length (>= 5000 bp) 20942983 20941860 

Total length (>= 10000 bp) 20669247 20702811 

Total length (>= 25000 bp) 19797490 19802895 

Total length (>= 50000 bp) 17424242 17203987 

# contigs 394 396 

Largest contig 563717 563716 

Total length 21147862 21145518 

GC (%) 67.01 67 

N50 122072 118648 

N75 61402 59502 

L50 54 55 

L75 115 118 

# N's per 100 kbp 123.91 112.95 
 

A.2.4. RNA sequencing 

     To improve the genome annotation, and provide information on exons, splice-sites, and 

alternative splicing, RNA Sequencing was carried-out. Three biological replicates were collected 



   
 

 125 

from R. diobovata cells in mid-log phase (18 hours) and stationary phase (24 hours). RNA 

extracted from these samples (Table 9A) were sequenced on Illumina HiSeq 4000 PE100. All six 

samples were pooled into one lane. The library sizes ranged from 262 bp to 277 bp. RNA-Seq 

produced an average of 53 million paired-end reads per library with quality values ranging from 

35 to 38 (Table 10A). The base average quality score measures the quality of bases generated by 

the sequencer. Q20 is equivalent to 1 error in 100 bases, Q30 1 error in 1000, Q40 1 in 10000. The 

scale goes from 2 to 41 or 42. The quality cut off score used by the sequencing center was 33. 

 

Table 9A.  Sample information for RNA-Seq analysis. 

 
Sampl

e Type 

* 

Client 

Sampl

e 

Name 

* 

Specie

s * 

(Type 

a value 

if not 

in the 

list) 

Genom

e Size 

(Mb) + 

Concentratio

n  (ng/μl) * 

Volum

e 

(μl) * 

Seq. 

Technolog

y - Library 

Type * 

Type of 

Sequencin

g 

Number / 

fraction of 

Sequencin

g Units + 

RNA 18.1 Yeast 21 1957.34 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 

RNA 18.2 Yeast 21 1953.18 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 

RNA 18.3 Yeast 21 1322.1 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 

RNA 24.1 Yeast 21 357.9 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 

RNA 24.2 Yeast 21 426.27 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 

RNA 24.3 Yeast 21 1221.99 25 
Illumina - 
mRNASeq 
stranded 

Illumina 
HiSeq 4000 

PE100 
0.167 
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Table 10.  Data generated by RNA-Seq on Illumina HiSeq 4000 platform. 

Sample Name # Reads # Bases Average 
Quality 

24.1 46,117,720 9,223,544,000 38 

18.1 48,444,252 9,688,850,400 35 

18.2 46,457,264 9,291,452,800 37 

24.3 75,455,074 15,091,014,800 38 
18.3 47,703,238 9,540,647,600 36 

24.2 58,463,453 11,692,690,600 38 
 

A.2.5 RNA Assembly 

     De novo RNA assemblers, Trinity and rnaSPAdes, were used to assemble the transcripts. To 

assess the quality of the assemblies, Transrate software was used. Transrate inspects contig 

sequences, maps reads to contigs and inspects alignments. The quality of the assembly is 

determined by important metrics such as the Transrate assembly score, optimized assembly score 

and individual contig scores. The assembly score could range from 0 to 1. The higher the score, 

the likely more biologically accurate the assembly is. rnaSPAdes appeared to give the best 

assembly with sample 18.3 before and after read error correction by Trim galore (Table 11A). All 

other assemblies and their statistics are shown in the appendix. 
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Table 11A. rnaSPAdes assembly statistics for 18.3 and trimmed-18.3 reads. Trimmed 18.3 
assembly resulted in a slightly improved assembly score and this was used in the final annotation 
of R. diobovata by the JGI annotation pipeline 

Assembly 18.3-spades/transcripts.fasta trimmed18.3-spades/transcripts.fasta 
n_seqs 31844 29112 

smallest 86 86 

largest 11459 11459 

n_bases 24765861 24385705 

mean_len 726.79663 793.27793 

n_under_200 12301 9627 

n_over_1k 8145 8161 

n_over_10k 7 7 

n_with_orf 12375 12418 

mean_orf_percent 77.04701 77.18215 

n90 549 546 

n70 1270 1247 

n50 1997 1961 

n30 3075 2986 

n10 6316 5761 

gc 0.66743 0.66917 

bases_n 5369 4770 

proportion_n 0.00022 0.0002 

fragments 47703238 47459857 

fragments_mapped 24157373 26310539 

p_fragments_mapped 0.50641 0.55437 

good_mappings 21084779 22561894 

p_good_mapping 0.442 0.47539 

bad_mappings 3072594 3748645 

bases_uncovered 8761717 6671329 

p_bases_uncovered 0.35378 0.27358 

contigs_uncovbase 15867 15641 

p_contigs_uncovbase 0.49827 0.53727 

contigs_uncovered 31844 29112 

p_contigs_uncovered 1 1 

contigs_lowcovered 31844 29112 

p_contigs_lowcovered 1 1 

contigs_segmented 6187 5957 

p_contigs_segmented 0.19429 0.20462 

score 0.05954 0.08559 

optimal_score 0.20678 0.21943 
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cutoff 0.33429 0.30341 
 
 
 
 

 
 

     Genome annotation and comparative genome analysis following annotation by JGI annotation 

pipeline were described in Chapter 5 of the body of this thesis.  
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Supplementary Tables for the Appendix  

Table S1A. Illumina MiSeq Paired-end Libraries. 

Filename Total Sequence Sequence length % GC 

DL300_S1_L001_R2_001.fastq.gz 4974842 61 35-151 

DL300_S1_L001_R1_001.fastq.gz 4974842 61 35-151 

DL400_S2_L001_R1_001.fastq.gz 4120001 61 35-151 

DL400_S2_L001_R2_001.fastq.gz 4120001 61 35-151 

DL700_S3_L001_R1_001.fastq.gz 2949880 61 35-151 

DL700_S3_L001_R2_001.fastq.gz 2949880 61 35-151 

 

Table S2A. Velvet Assembly Statistics of DL400 library. 

Sample Name   DL400 

Number of Contigs  3,161 

Mean Contig Length  6,543 

Median Contig Length  193 

Min Contig Length  61 

Max Contig Length  173,405 

Base Count   20,681,078 

N50    35,459 

 

Table S3A. Velvet Assembly Statistics of DL300 library. 
 

Sample Name   DL300 

Number of Contigs  3,714 

Mean Contig Length  5,579 

Median Contig Length  327 

Min Contig Length  61 

Max Contig Length  107,897 

Base Count   20,721,778 

N50    24,904 
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Table S4A. Velvet Assembly Statistics of DL700 library. 

Sample Name   DL700 

Number of Contigs  2,591 

Mean Contig Length  8,038 

Median Contig Length  121 

Min Contig Length  61 

Max Contig Length  417,538 

Base Count   20,827,164 

N50    74,038 
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Table S5A. Abyss assembly of R. diobovata sequences from Uncorrected and Quake-corrected 

DL300 library. 

Assembly Abyss300qc R.diobovata-scaffolds Abyss300 R.diobovata-scaffolds 

# contigs (>= 0 bp) 4686 4740 
# contigs (>= 1000 bp) 501 507 
# contigs (>= 5000 bp) 378 379 

# contigs (>= 10000 bp) 332 332 
# contigs (>= 25000 bp) 238 238 

# contigs (>= 50000 bp) 144 145 

Total length (>= 0 bp) 21588273 21587330 

Total length (>= 1000 bp) 21136225 21136211 

Total length (>= 5000 bp) 20811525 20799243 

Total length (>= 10000 bp) 20477872 20460030 

Total length (>= 25000 bp) 18967955 18919013 

Total length (>= 50000 bp) 15597044 15599538 

# contigs 526 533 

Largest contig 485829 553242 

Total length 21153668 21154955 

GC (%) 66.99 66.99 

N50 88342 85786 

N75 47605 47605 

L50 68 69 

L75 150 151 

# N's per 100 kbp 80.39 85.76 
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Table S6A. SPAdes assembly of R.diobovata sequences from Quake-corrected DL300, DL400 
and DL700 library, combination of the three libraries and Uncorrected DL300. 
 

Assembly 

SpadesAllIllumina 

contigs 

Spades700qc 

contigs 

Spades400qc 

contigs 

Spades300qc 

contigs 

Spades300 

contigs 

# contigs (>= 0 bp) 2422 4313 2830 2820 3150 
# contigs (>= 1000 bp) 540 543 578 576 625 

# contigs (>= 5000 bp) 384 409 424 434 465 
# contigs (>= 10000 bp) 332 349 364 356 394 
# contigs (>= 25000 bp) 250 254 254 257 276 

# contigs (>= 50000 bp) 161 155 156 146 149 

Total length (>= 0 bp) 21347595 21332924 21296475 21303514 21415607 

Total length (>= 1000 bp) 20945618 20855670 20867730 20864998 20896577 

Total length (>= 5000 bp) 20599370 20552124 20511164 20546972 20524211 

Total length (>= 10000 bp) 20205112 20103324 20065168 19973314 20003196 

Total length (>= 25000 bp) 18850366 18554199 18187209 18302014 18067403 

Total length (>= 50000 bp) 15710890 14973867 14707668 14242555 13513231 

# contigs 710 627 722 741 793 

Largest contig 309601 360357 311695 405613 336793 

Total length 21063141 20914454 20966992 20977366 21014116 

GC (%) 67.01 67.04 67.03 67.03 67.05 

N50 82474 78265 77302 76106 67596 

N75 49655 44325 42351 41530 38028 

L50 82 84 88 86 97 

L75 163 171 179 179 201 

# N's per 100 kbp 0 0 0 0 0 
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Table S7A. MIRA assembly of R.diobovata sequences from Quake-corrected DL300 and IT 
libraries. 
 

Assembly mira300qc.unpadded miraIT-1_out.unpadded 

# contigs (>= 0 bp) 47036 11735 

# contigs (>= 1000 bp) 3147 3589 

# contigs (>= 5000 bp) 789 1349 

# contigs (>= 10000 bp) 585 607 

# contigs (>= 25000 bp) 301 58 

# contigs (>= 50000 bp) 87 1 

Total length (>= 0 bp) 42946664 24473927 

Total length (>= 1000 bp) 23726247 20683563 

Total length (>= 5000 bp) 20232505 15416946 

Total length (>= 10000 bp) 18771621 10060234 

Total length (>= 25000 bp) 14077798 1784683 

Total length (>= 50000 bp) 6544771 67605 

# contigs 16773 6763 

Largest contig 150226 67605 

Total length 32819915 22834122 

GC (%) 66.73 65.53 

N50 17742 8756 

N75 902 3542 

L50 411 753 

L75 4086 1753 

# N's per 100 kbp 0.85 6.13 

 

  



   
 

 134 

Table S8A. Trinity assembly statistics for 18.3 reads, trimmed-18.3 reads, 18.3 reads with a 
specified minimum contig length cutoff of 70, all time 18 reads. 
 

Assembly 18.3-

Trinity/trinity_o

ut_dir.2/Trinity.f

asta 

18-

allTrinity/trinity_out

_dir.3/Trinity.fasta 

Trimmed18.3-

Trinity/trinity_out_

dir/Trinity.fasta 

18.3-mincontig-

Trinity/trinity_out_

dir/Trinity.fasta 

n_seqs 30421 38681 30892 80294 
smallest 201 201 201 71 
largest 12906 14190 16401 11778 
n_bases 37239631 49795270 37802222 42963516 
mean_len 1224.14224 1287.33151 1223.68969 463.56154 
n_under_200 0 0 0 49652 
n_over_1k 13727 17701 13953 13809 
n_over_10k 31 10 3 2 
n_with_orf 19301 23363 19529 19391 
mean_orf_percent 75.98145 71.62492 75.87999 76.15571 
n90 558 579 560 627 
n70 1284 1438 1290 1420 
n50 1913 2151 1916 2173 
n30 2747 3138 2766 3443 
n10 4755 5058 4766 11778 
gc 0.66939 0.66701 0.66921 0.66609 
bases_n 0 0 0 0 
proportion_n 0 0 0 0 
fragments 45645469 137436823 47459857 47459857 
fragments_mapped 17794051 48391496 17465189 17229211 
p_fragments_mapped 0.38983 0.3521 0.368 0.36303 
good_mappings 15715804 42927396 14937558 15565033 
p_good_mapping 0.3443 0.31234 0.31474 0.32796 
bad_mappings 2078247 5464100 2527631 1664178 
potential_bridges 0 0 0 0 
bases_uncovered 23800720 35648127 23872950 26193326 
p_bases_uncovered 0.63912 0.71589 0.63152 0.60966 
contigs_uncovbase 24318 33127 24934 64119 
p_contigs_uncovbase 0.79938 0.85642 0.80713 0.79855 
contigs_uncovered 30421 38681 30892 80294 
p_contigs_uncovered 1 1 1 1 
contigs_lowcovered 30421 38681 30892 80294 
p_contigs_lowcovere
d 

1 1 1 1 

contigs_segmented 5536 7370 5604 8108 
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p_contigs_segmented 0.18198 0.19053 0.18141 0.10098 
score 0.03562 0.02322 0.03085 0.01314 

optimal_score 0.1446 0.12123 0.118 0.14496 

cutoff 0.39881 0.35849 0.429 0.33958 
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Table S8A. Trinity assembly statistics for combined 18 hr time point reads, combined 24 hr time 
point reads, combined 18 hr and 24 hr reads.  
 

Assembly Combinedreads-

Trinity/trinity_out_

dir/Trinity.fasta 

Combined24reads-

Trinity/Trinity.fasta 

Combined18reads2-

Trinity/Trinity.fasta 

n_seqs 33541 34707 38720 
smallest 201 201 201 
largest 16403 14288 16526 
n_bases 40115296 43374429 50850627 
mean_len 1196.00775 1249.73144 1313.29099 
n_under_200 0 0 0 
n_over_1k 14848 16608 18157 
n_over_10k 10 7 11 
n_with_orf 20577 22252 23877 
mean_orf_percent 75.98339 76.32477 71.52664 
n90 543 599 606 
n70 1289 1345 1443 
n50 1910 1930 2160 
n30 2730 2699 3139 
n10 4467 4325 5170 
gc 0.66793 0.66768 0.66735 
bases_n 0 0 0 
proportion_n 0 0 0 
fragments 94124521 179553181 141911686 
fragments_mapped 34644069 63167439 48228762 
p_fragments_mapped 0.36807 0.3518 0.33985 
good_mappings 30487550 54781586 41462903 
p_good_mapping 0.32391 0.3051 0.29217 
bad_mappings 4156519 8385853 6765859 
potential_bridges 0 0 0 
bases_uncovered 25158654 28649855 36128127 
p_bases_uncovered 0.62716 0.66052 0.71048 
contigs_uncovbase 27571 29049 32950 
p_contigs_uncovbase 0.82201 0.83698 0.85098 
contigs_uncovered 33541 34707 38720 
p_contigs_uncovered 1 1 1 
contigs_lowcovered 33541 34707 38720 
p_contigs_lowcovered 1 1 1 
contigs_segmented 6801 7368 7471 
p_contigs_segmented 0.20277 0.21229 0.19295 
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score 0.02888 0.02472 0.02018 

optimal_score 0.12014 0.11152 0.10217 

cutoff 0.39651 0.36458 0.30587 
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Table S9A. rnaSPAdes assembly statistics for combined 18 hr time point reads, combined 24 hr 
time point reads, combined 18hr and 24hr reads. 
 

Assembly rnaasemblies/Combinedreads-

Spades/transcripts.fasta 

Combined18reads-

Spades/transcripts.fasta 

Combined24reads-

Spades/transcripts.fasta 

n_seqs 40644 49895 52563 

smallest 86 86 86 
largest 16464 16459 16427 
n_bases 31595564 36207242 35532924 
mean_len 728.45889 674.55232 615.40546 
n_under_200 15172 19289 23996 
n_over_1k 9441 10679 10358 
n_over_10k 17 16 22 
n_with_orf 14973 17861 16642 
mean_orf_percent 76.36986 76.27034 78.11216 
n90 505 484 503 
n70 1235 1138 1225 
n50 2128 2016 2095 
n30 3410 3227 3358 
n10 6892 6869 8930 
gc 0.66726 0.66292 0.66072 
bases_n 31240 38753 18726 
proportion_n 0.00099 0.00107 0.00053 
fragments 122809503 141911686 179553181 
fragments_mapped 57343407 64587454 77951842 
p_fragments_mapped 0.46693 0.45512 0.43414 
good_mappings 50028619 55131621 69499072 
p_good_mapping 0.40737 0.38849 0.38707 
bad_mappings 7314788 9455833 8452770 
potential_bridges 0 0 0 
bases_uncovered 11742103 16044761 14997993 
p_bases_uncovered 0.37164 0.44314 0.42209 
contigs_uncovbase 26472 33596 31894 
p_contigs_uncovbase 0.65131 0.67333 0.60678 
contigs_uncovered 40644 49895 52563 
p_contigs_uncovered 1 1 1 
contigs_lowcovered 40644 49895 52563 
p_contigs_lowcovered 1 1 1 
contigs_segmented 9639 10536 10558 
p_contigs_segmented 0.23716 0.21116 0.20086 
score 0.04776 0.03674 0.04397 
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optimal_score 0.17958 0.16532 0.18407 

cutoff 0.42591 0.35223 0.29258 
weighted 0 0 0 
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Table S10A. Trinity and rnaSPAdes assemblies of all 18hr and 24hr reads merged using the –
merge assemblies option on Transrate. 
 

Assembly assemblym1-Trinity assemblym2-Spades 

n_seqs 102458 102458 
smallest 86 86 
largest 16459 16459 
n_bases 71740166 71740166 
mean_len 644.2088 644.2088 
n_under_200 43285 43285 
n_over_1k 21037 21037 
n_over_10k 38 38 
n_with_orf 34503 34503 
mean_orf_percent 77.17298 77.17298 
n90 493 493 
n70 1184 1184 
n50 2062 2062 
n30 3290 3290 
n10 7598 7598 
gc 0.66183 0.66183 
bases_n 57479 57479 
proportion_n 0.0008 0.0008 
fragments NA 321464867 
fragments_mapped NA 33756643 
p_fragments_mapped NA 0.10501 
good_mappings NA 29033038 
p_good_mapping 

 
0.09031 

bad_mappings 
 

4723605 
potential_bridges 

 
0 

bases_uncovered 
 

50199642 
p_bases_uncovered 

 
0.69974 

contigs_uncovbase 
 

81987 
p_contigs_uncovbase 

 
0.8002 

contigs_uncovered 
 

102458 
p_contigs_uncovered 

 
1 

contigs_lowcovered 
 

102458 
p_contigs_lowcovered 

 
1 

contigs_segmented 
 

13252 
p_contigs_segmented 

 
0.12934 

score 
 

0.00438 



   
 

 141 

optimal_score 
 

0.02675 

cutoff 
 

0.11017 
weighted 

 
0 

 
 
 


