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Abstract 23 

Rhodosporidium toruloides is an oleaginous yeast capable of producing a variety of 24 

biofuels and bioproducts from diverse carbon sources. Despite numerous studies 25 

showing its promise as a platform microorganism, little is known about its metabolism 26 

and physiology. In this work, we investigated the central carbon metabolism in R. 27 

toruloides IFO0880 using transcriptomics and metabolomics during growth on 28 

glucose, xylose, acetate, or soybean oil. These substrates were chosen because they 29 

can be derived from plants. Significant changes in gene expression and metabolite 30 

concentrations were observed during growth on these four substrates. We mapped 31 

these changes onto the governing metabolic pathways to better understand how R. 32 

toruloides reprograms its metabolism to enable growth on these substrates. One 33 

notable finding concerns xylose metabolism, where poor expression of xylulokinase 34 

induces a bypass leading to arabitol production. Collectively, these results further our 35 

understanding of central carbon metabolism in R. toruloides during growth on different 36 

substrates. They may also help guide the metabolic engineering and development of 37 

better models of metabolism for R. toruloides. 38 

Keywords: Rhodosporidium toruloides, oleaginous yeast, metabolism, 39 

transcriptomics, metabolomics, xylulokinase. 40 

 41 

Key points 42 

 Gene expression and metabolite concentrations were significantly changed 43 

 Reduced expression of xylulokinase induces a bypass leading to arabitol 44 

production 45 

 R. toruloides reprograms its metabolism to allow growth on different substrates  46 
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Introduction 47 

Rhodosporidium toruloides is a red basidiomycete yeast that can produce a variety 48 

of biofuels and bioproducts from diverse carbon sources, including lignocellulosic 49 

hydrolysates and lignin-derived aromatics (Fei et al. 2016; Hu et al. 2009; Huang et 50 

al. 2016; Kitahara et al. 2014; Singh et al. 2016; Wiebe et al. 2012; Yaegashi et al. 51 

2017; Zhang et al. 2016b). It is an oleaginous yeast that accumulates triglycerides 52 

during growth under nitrogen, phosphorous, or sulfur limitation (Wang et al. 2018; 53 

Wiebe et al. 2012; Wu et al. 2011; Zhang et al. 2016b, b). In addition, R. toruloides 54 

can natively produce the sugar alcohols arabitol and galactitol from xylose and 55 

galactose, respectively (Jagtap et al. 2019; Jagtap and Rao 2018a; Jagtap and Rao 56 

2018b). Recently, R. toruloides has been engineered for enhanced lipid production 57 

and production of fatty alcohols, terpenes, and methyl ketones (Dinh et al. 2019; Fillet 58 

et al. 2015, 2017; Geiselman et al. 2020; Lee et al. 2014, 2016; Liu et al. 2020; Wehrs 59 

et al. 2019; Wen et al. 2020; Yaegashi et al. 2017; Zhang et al. 2016a,b). Finally, R. 60 

toruloides can provide a natural source for carotenoids and industrially relevant 61 

enzymes such as L-phenylalanine ammonia lyase and D-amino acid oxidase (Cui et 62 

al. 2014; Fernández-Lafuente et al. 1998; Gilbert et al. 1985; Hoskins et al. 1980; 63 

Pilone and Pollegioni 2002). 64 

Despite its ability to produce a wide range of value-added products, little is known 65 

about the physiology of this organism aside from a few key studies. In one seminal 66 

study, researchers measured changes in gene and protein expression in R. toruloides 67 

NP11 during growth on glucose in minimal medium under nitrogen limitation (Zhu et 68 

al. 2012). Based on these data, they were able to propose a model for lipid 69 

accumulation arising from nitrogen starvation. The same group also profiled changes 70 

in the lipid-droplet proteins in R. toruloides NP11 grown on glucose during nitrogen 71 
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and phosphorous starvation (Zhu et al. 2015). In another study of note, phosphate 72 

limitation was found to increase the expression of genes involved in phosphate 73 

metabolism, RNA degradation, and lipid biosynthesis, while those involved in the 74 

tricarboxylic acid (TCA) cycle and ribosome biosynthesis were decreased (Wang et al. 75 

2018). In another seminal study, researchers constructed a barcoded library of single-76 

gene deletion mutants for R. toruloides IFO0880. Using this library, they were able to 77 

identify over a thousand essential genes and 150 genes affecting lipid production 78 

(Coradetti et al. 2018). Recently, RNAseq analysis was performed on R. toruloides 79 

IFO0880 cultivated on synthetic defined medium on multiple carbon sources to identify 80 

the promoters that can constitutively express native genes at high and medium levels. 81 

In the process, the authors identified 12 mono-directional and 8 bi-directional 82 

promoters for R. toruloides (Nora et al. 2019). Lastly, a recent study investigated the 83 

metabolic pathways and genes involved in carbon consumption in R. toruloides 84 

IFO0880 using multi-omics data. In addition, they have developed a genome scale 85 

metabolic network model by validating against growth phenotyping and gene fitness 86 

data (Kim et al. 2021). 87 

In this work, we investigated the metabolism of glucose, xylose, acetate, and 88 

soybean oil by R. toruloides IFO0880. These substrates were chosen because they 89 

represent potential substrates for bioconversion by R. toruloides. To understand the 90 

metabolism of these substrates, we measured changes in gene expression using 91 

RNAseq and intracellular metabolites using GC-MS. We then mapped these data onto 92 

the central carbon metabolic pathways of R. toruloides in order to understand how 93 

they are regulated during growth on different carbon sources.  94 

  95 
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Materials and methods  96 

Strains, media, and growth conditions  97 

R. toruloides IFO0880, mating type A2, was obtained from the NITE Biological 98 

Resource Center in Japan (NBRC 0880). YPG medium (10 g/L yeast extract, 20 g/L 99 

peptone, and 20 g/L glucose) was used for growth of R. toruloides. A single colony 100 

from a YPG agar plate was inoculated into 2 mL of YPG liquid medium to obtain R. 101 

toruloides seed cultures. Seed cultures were then used to inoculate 25 mL of YPG, 102 

YPX medium (10 g/L yeast extract, 20 g/L peptone, and 20 g/L xylose), YPA medium 103 

(10 g/L yeast extract, 20 g/L peptone, and 20 g/L sodium acetate, pH 7.0), YPS 104 

medium (10 g/L yeast extract, 20 g/L peptone, and 20 g/L soybean oil), and YP 105 

medium (10 g/L yeast extract and 20 g/L peptone) in a 125 mL baffled shake flask with 106 

a starting OD600 of 1. The optical density at 600 nm or OD600 was used to monitor 107 

the cell density in liquid cultures. OD600 of 1.0 corresponds to roughly 107 cells per 108 

mL. The cells were then grown at 30 °C and 250 rpm.  109 

 110 

Sample extraction for RNA-seq and metabolomics  111 

Seed cultures at exponential phase were collected and centrifuged at 6000 × g for 112 

3 min at 4 °C. Supernatant was discarded and the pellets were resuspended in 1 mL 113 

of ddH2O. Seed cultures then used to inoculate 25 mL of YPG, YPX, YPA, YPS, and 114 

YP medium in a 125 mL baffled shake flask with a starting OD600 of 1 and incubated 115 

at 30 °C and 250 rpm. Growth experiments are performed with three biological 116 

replicates. Samples from YPG, YPX, YPA, and YP media were collected after 24 h 117 

incubation, and sample from YPS media was collected after 16 h incubation.  118 

 119 

Experimental procedure for RNA-Seq  120 
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The cell cultures containing a total OD of 30 were collected in centrifuge tubes and 121 

centrifuged at 6000 × g for 3 min at 4 °C. Supernatant was discarded and pellet was 122 

used for RNA extraction. Total RNA was extracted using the RNeasy mini kit (Qiagen, 123 

Hilden, Germany) as previously described, with a slight modification (Jagtap et al. 124 

2019; Zhang et al. 2019). R. toruloides cell pellet was resuspended in 350 ul of Buffer 125 

RLT from the RNeasy mini kit (Qiagen, Hilden, Germany). Approximately 500 μl of 126 

acid-washed glass beads (acid washed, 425-600 μm; Sigma, St. Louis, MO, USA) 127 

were added and homogenized using a FastPrep-24 homogenizer (MP Biomedicals, 128 

Irvine, CA, USA), beaten at a speed of 5 m/s for 30 s six times with cooling on ice 129 

between beatings. The cell lysates were purified according to the kit’s protocol 130 

“purification of total RNA from yeast”. Extracted RNA was then treated with Turbo 131 

RNase-free DNase kit (ThermoFisher, Waltham, MA, USA) according to the manual 132 

and purified again with the RNeasy mini kit protocol “RNA clean up”. The stranded 133 

RNAseq libraries were prepared with Illumina's TruSeq Stranded mRNA Sample Prep 134 

kit. The libraries were quantitated by qPCR and sequenced on one lane for 101 cycles 135 

from one end of the fragments on a HiSeq 4000 (Illumina, San Diego, CA, USA). Fastq 136 

files with 100 bp reads were generated and demultiplexed with the bcl2fastq 137 

v2.17.1.14 Conversion Software (Illumina, San Diego, CA, USA). Raw sequencing 138 

files were uploaded to NCBI (NCBI Bioproject Accession: PRJNA660884, NCBI SRA 139 

Accession: SRR12567876 to SRR12567890). 140 

 141 

RNA-Seq data analysis  142 

To obtain gene expression profiles during growth of R. toruloides IFO0880 on 143 

different substrates, total RNA was extracted, and a mRNA focused library was 144 

sequenced. Adaptor sequences and low-quality reads were trimmed using 145 
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Trimmomatic (Bolger et al. 2014). Trimmed reads were analyzed for quality scores 146 

using FastQC (Andrews 2010). Reads were mapped to the R. toruloides IFO0880 v4.0 147 

reference genome (NCBI Accession GCA_000988875.2) with STAR version 2.5.4a 148 

(Coradetti et al. 2018; Dobin et al. 2012). Between 95% and 98% of the reads were 149 

successfully mapped to the genome for each sample. Read counts were calculated 150 

using featureCounts from the Subread package, v1.5.2 (Liao et al. 2014). 151 

Differential expression analysis was performed on the reads counts in R v4.0.5 (Cite 152 

R core team) using edgeR v3.32.1 and limma v3.46.0 (Ritchie et al. 2015; Robinson 153 

et al. 2010). Graphical representation of expression data was constructed using R 154 

packages: PCAtools v2.2.0, gplots v3.1.1, and Glimma v2.0.0 (Blighe K 2021; Su et 155 

al. 2017; Warnes 2011). Before plotting heatmaps, the data was normalized row-wise 156 

(using the scale function in R), first by centering (subtracting the row mean from each 157 

value) and then scaling (dividing each data point by row's standard deviation). 158 

Heatmaps were plotted using heatmap.2 function from gplots. Genome sequence, 159 

gene models and functional annotation of R. toruloides was downloaded from the DOE 160 

Joint Genome Institute’s Mycocosm portal (Coradetti et al. 2018; Grigoriev et al. 2014). 161 

Data analysis scripts, along with the results, were uploaded at 162 

https://github.com/raogroupuiuc/rt88_growth. 163 

 164 

Sample preparation for metabolome analysis  165 

A fast filtration sampling method was used for intracellular metabolite analysis, as 166 

previously described, with a slight modification (Kim et al. 2013; Yun et al. 2018). 167 

Briefly, 0.5 mL of cells were collected from all medias and vacuum-filtered using a 168 

vacuum manifold system (Vac-Man 96 Vacuum Manifold, Promega, Madison, WI, 169 

USA) assembled with a nylon membrane filter (0.45 µm pore size, 13 mm diameter, 170 
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Whatman, Piscataway, NJ, USA) and a filter holder (Millipore, Billerica, MA, USA). The 171 

filtered cells were then washed with 2.5 mL of distilled water at room temperature. The 172 

entire process for fast filtration was completed within 1 min. The filter membrane 173 

containing the washed cells was quickly mixed with 1 mL of the pre-chilled 174 

acetonitrile/water mixture (1:1, v/v) and 100 µL of glass beads. The extraction mixture 175 

was vortexed for 3 min to disrupt the cell membrane and to extract intracellular 176 

metabolites. The extraction mixture was then centrifuged at 16,000 × g for 3 min at 4 177 

°C, and 0.8 mL of the supernatant containing the intracellular metabolites was dried 178 

using a speed vacuum concentrator for 6 h. The samples were prepared for GC/MS 179 

analysis as mentioned in the analytical methods section. 180 

 181 

Metabolome data analysis  182 

The raw data obtained from the GC/MS analysis were processed using an 183 

automated mass spectral deconvolution and identification system (AMDIS) software 184 

for peak detection and deconvolution of mass spectra (Stein 1999). The processed 185 

data were uploaded to SpectConnect (http://spectconnect.mit.edu) for peak alignment 186 

and generating the data matrix with the Golm Metabolome Database (GMD) mass 187 

spectral reference library (Kopka et al. 2005; Styczynski et al. 2007). The normalized 188 

abundance values for each metabolite were obtained by dividing the peak intensities 189 

with dry cell weight. For statistical analysis, such as PCA analysis and hierarchical 190 

cluster analysis representing as a heat map, Statistica (version 7.1; StatSoft, Tulsa, 191 

OK, USA), MetaboAnalyst and MultiExperiment Viewer software were used, 192 

respectively (Howe et al. 2010),(Chong et al. 2019). GraphPad Prism 6 (GraphPad, 193 

San Diego, CA, USA) was used for plotting intensity graphs.  194 

 195 
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Analytical methods  196 

Prior to analysis, culture samples were centrifuged, and the supernatant was 197 

passed through a 0.22 μm polyethersulfone syringe filter. Glucose, xylose, and acetate 198 

concentrations were measured using a Shimadzu high performance liquid 199 

chromatography system (Shimadzu, Kyoto, Japan) equipped with a cation H micro-200 

guard cartridge (Bio-Rad Laboratories Hercules, CA, USA) and Aminex HPX-87H 201 

carbohydrate analysis column (Bio-Rad Laboratories, Hercules, CA, USA) operated 202 

at 65 °C. Eluent was 5 mM H2SO4 at a constant flow rate of 0.6 mL/min. Compounds 203 

were monitored using a RID-10A refractive index detector (Shimadzu, Kyoto, Japan) 204 

and were quantified using calibration curves built using authentic standards.  205 

The metabolome samples were derivatized by methoxyamination and 206 

trimethylsilylation as described previously (Kim et al. 2013; Yun et al. 2018). For 207 

methoxyamination, 10 µL of 40 mg/mL methoxyamine chloride in pyridine (Sigma-208 

Aldrich, St. Louis, MO, USA) was added to the samples and incubated for 90 min at 209 

30 °C and 200 rpm. The samples were then trimethylsilylated by adding 45 µL of N-210 

methyl-N-trimethylsilyltrifluoroacetamide (Sigma-Aldrich, St. Louis, MO, USA) for 30 211 

min at 37 °C and 200 rpm. For GC/MS, the derivatized metabolite samples were 212 

applied to an Agilent 7890A GC/5975C MSD system (Agilent Technologies, 213 

Wilmington, DE, USA) equipped with a RTX-5Sil MS capillary column (30 m × 0.25 214 

mm, 0.25 µm film thickness; Restek, Bellefonte, PA, USA) and an additional 10 m long 215 

integrated guard column. One microliter of the derivatized sample was injected into 216 

the GC inlet in splitless mode. The oven temperature was initially set at 150° C for 1 217 

min, after which the temperature was increased to 330°C at 20 °C/min, where it was 218 

held for 5 min. The mass spectra were recorded in a scan range 85–500 m/z at an 219 
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electron impact of 70 eV, and the temperatures of the ion source and transfer line were 220 

230 °C and 280 °C, respectively. 221 

 222 

Results 223 

Growth profiles in different carbon source  224 

R. toruloides was grown on YP medium alone or on YP medium containing one of 225 

the following substrates: glucose (YPG), xylose (YPX), acetate (YPA), or soybean oil 226 

(YPS). YP was chosen as the base medium, because it can support robust, vegetative 227 

growth. We note that R. toruloides can grow on YP medium alone. In addition, since 228 

this medium contains sufficient nutrients, the cells do not enter the lipogenic phase 229 

where lipids accumulate within the cell. The rationale for choosing this medium was 230 

that we were focused solely on exploring the metabolic pathways for utilizing these 231 

substrates rather than on identifying the pathways involved in lipid production. As 232 

shown in Fig. 1, R. toruloides achieved highest cell densities on glucose, followed by 233 

acetate, xylose, and soybean oil. Growth on soybean oil was similar to YP medium 234 

alone. In addition, R. toruloides was able to completely utilize 20 g/L glucose, xylose, 235 

and acetate after 48 h of growth. Consistent with the growth data, glucose was utilized 236 

at a rate faster than either xylose or acetate. Unfortunately, we were unable to 237 

accurately measure the utilization of soybean oil. 238 

 239 

Identification of genes associated with substrate utilization  240 

We used RNA-Seq to measure differences in gene expression during growth on 241 

the different substrates. RNA was isolated for three biological replicates during the 242 

exponential growth phase (24 h for YPG, YPX, YPA, and YP medium; and 16 h for 243 

YPS medium). A total of 229 million raw reads were obtained from fifteen samples. 244 
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Approximately 88% of the reads mapped to a unique location on the R. toruloides 245 

IFO0880 genome (Supplementary Fig. S1 and Supplementary Table S1). Principal 246 

component analysis demonstrated that these growth changes led to clearly distinct 247 

expression patterns (Fig. 2). Only during growth on YPS medium did we not observe 248 

a large change from growth on YP medium alone. This may reflect that growth on both 249 

was similar (Fig. 1).  250 

We next identified genes with altered expression during utilization of the different 251 

substrates. We compared growth on YPG with growth on YP to identify the pathways 252 

involved in uptake of glucose. We chose the same timepoint (24 h) for RNA extraction 253 

for both YPG and YP, with the intention of emphasizing the gene expression resulting 254 

from glucose uptake. For analyzing the gene expression patterns during growth on 255 

xylose, acetate, and soybean oil, growth on glucose was chosen as the control. YPG, 256 

YPX and YPA were sampled at 24 h, which was mid-exponential and close to 50% 257 

substrate utilization. However, YPS was sampled at 16 h, at mid-exponential growth 258 

(Fig. 1d).  259 

R. toruloides IFO0880 has 8490 predicted genes. Among these genes, 3582 were 260 

upregulated and 3627 were downregulated during growth on the four substrates as 261 

compared to YP medium alone (Supplementary Fig. S2). We also compared 262 

differential expression during growth on glucose, xylose, acetate, and soybean oil. 263 

1488 genes have significantly higher expression, and another 1419 genes have 264 

significantly lower expression during growth on glucose as compared to YP. The 265 

expression of 882, 1297, and 1296 genes was significantly higher during growth on 266 

xylose, acetate, and soybean oil, respectively, as compared to glucose. Likewise, the 267 

expression of 537, 1693, and 1392 genes was significantly lower during growth on 268 

xylose, acetate, and soybean oil as compared to YPG. For comparative gene 269 
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expression, fold change > 2 and adjusted p value < 0.05 was considered significant. 270 

Details are provided in Supplementary Dataset S1. 271 

 272 

Changes in intracellular metabolites during growth on different substrates  273 

We used gas chromatography-mass spectrometry (GC-MS) to measure changes 274 

in the concentrations of 55 intracellular metabolites as described previously (Jagtap et 275 

al. 2019; Jagtap and Rao 2018a; Jagtap and Rao 2018b). Among the 55 metabolites 276 

analyzed (Supplementary Dataset S2), significant differences in the concentrations of 277 

44 metabolites were observed during growth on glucose, xylose, acetate, or soybean 278 

oil as compared to YP (Fig. 3). Significance was evaluated using two sample t-tests, 279 

and the cutoffs for significance were relative metabolite concentration > 2 and adjusted 280 

p value < 0.05. 16 metabolites had higher concentration and another 10 metabolites 281 

had lower concentrations during growth on glucose, as compared to YP. The 282 

concentrations of 7, 9, and 7 metabolites were higher during growth on xylose, acetate, 283 

and soybean oil, respectively, as compared to glucose. Likewise, the concentrations 284 

of 17, 11 and 16 metabolites were lower during growth on xylose, acetate, and 285 

soybean oil, respectively, as compared to glucose.   286 

 287 

Growth on glucose  288 

We first explored glucose metabolism in R. toruloides by comparing gene 289 

expression on YP medium containing glucose (YPG) versus YP medium alone. We 290 

chose the same timepoint (24 h) for analysis in order to isolate changes in gene 291 

expression resulting from glucose consumption. Overall, 1488 genes were 292 

significantly upregulated, and another 1419 genes were significantly downregulated 293 



13 
 

during growth on YPG versus YP alone (fold change > 2 and p < 0.05 was considered 294 

significant).  295 

We focused on the specific genes involved in central carbon metabolism (Fig. 4 & 296 

5). With regards to glycolysis, namely the Embden–Meyerhof–Parnas pathway, we 297 

found that the genes involved in the lower half of the pathway were upregulated at 298 

least 2-fold during growth on YPG versus YP. However, the expression of hexokinase 299 

(HXK2) and phosphofructokinase (PFK) was reduced during growth on YPG. We did 300 

not observe any significant changes in the expression of the genes involved in the 301 

pentose phosphate pathway except for 6-phosphogluconolactonase (SOL3), whose 302 

expression was increased during growth on YPG. In addition, the expression of the 303 

the alpha and beta subunits of pyruvate dehydrogenase (PDA1 and PDB1) was 304 

increased during growth on YPG. Invertase expression (SUC2) was significantly 305 

reduced (32-fold) during growth on YPG, which is consistent with results from S. 306 

cerevisiae (Lutfiyya and Johnston 1996; Mormeneo and Sentandreu 1982). 307 

Significant changes were also observed in the expression of the genes involved in 308 

the TCA cycle. The expression of citrate synthase (CIT1), malate dehydrogenase 309 

(MDH1), and fumarate hydratase (FUM1) was increased during growth on YPG. 310 

However, the expression of succinate dehydrogenase (membrane anchor; SDH4) and 311 

α-ketoglutarate dehydrogenase (KGD1) was reduced. In addition, the expression of 312 

the cytosolic isocitrate lyase (ICL1) and malate synthase (MLS1) was reduced. 313 

Aside from glucose metabolism, expression of the genes involved in lipid 314 

catabolism was significantly reduced. Expression of the genes involved in lipid 315 

biosynthesis was increased. These included ATP citrate lyase (ACL1), which provides 316 

cytosolic acetyl-CoA for lipid biosynthesis, and acetyl-CoA carboxylase, which 317 

generates malonyl-CoA. In addition, the expression of glutamate dehydrogenase 318 
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(GDH1) was greatly increased (115-fold). However, the expression of NAD-dependent 319 

glutamate dehydrogenase GDH2 was reduced. The expression of general amino-acid 320 

GAP1 permeases (protein ID: 14229 and 15074) was also reduced. However, the 321 

expression of DIP5 dicarboxylic amino-acid transporters (protein ID: 8962, 9319, and 322 

9322) and K16261 YAT amino-acid transporter (protein ID: 12758) was increased. We 323 

also observed the increased expression of several putative sugar transporters and the 324 

decreased expression of a few other putative sugar transporters (Supplementary 325 

Table S2). Whether these transporters are specific for glucose or other sugars is not 326 

known. 327 

With respect to intracellular metabolites (Fig. 3 and Supplementary Fig. S4), the 328 

concentrations of glucose, 3-phosphoglycerate, and pyruvate were increased during 329 

growth on YPG versus YP, which is consistent with their role in glycolysis. In addition, 330 

galactose concentrations were also increased. We also observed increased 331 

concentration of ornithine-1,5-lactam (more commonly known as 3-aminopiperidin-2-332 

one), a delta lactam of ornithine. Consistent with the increase in expression of the 333 

genes involved in lipid synthesis, we observed increased concentrations of 2-334 

hexadecenoic-acid, tetradecanoic acid, n-heptadecan-1-ol, and n-docosan-1-ol. The 335 

intracellular concentration of several amino acids – phenylalanine, lysine, threonine, 336 

and tyrosine –increased during growth on YPG. Interestingly, the concentration of 337 

asparagine decreased along with 2-amino-adipic acid and cystathionine, which are 338 

intermediates in lysine and cysteine biosynthesis, respectively. In addition, the 339 

concentration of tyramine, a byproduct of tyrosine, also decreased. Finally, we 340 

observed decreased concentration of the sugar alcohols: threitol, xylitol, and mannitol.  341 

 342 

Growth on xylose  343 
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We next explored xylose metabolism in R. toruloides by comparing gene 344 

expression during growth in YP medium containing xylose (YPX) versus YP medium 345 

containing glucose (YPG). Overall, 882 genes were significantly upregulated and 537 346 

genes were significantly downregulated during growth on YPX versus YPG. The gene 347 

expression profile on xylose was the closest to growth on glucose, in comparison to 348 

the other substrates we tested.  349 

Consistent with a mechanism where growth on xylose induces expression of the 350 

xylose metabolic genes, expression of xylose reductase (XR) and xylitol 351 

dehydrogenase (XDH) was increased during growth on YPX versus YPG. However, 352 

expression of xylulokinase (XKS1) was identical during growth on YPX and YPG. 353 

Further exploration of the data revealed that XKS1 was not expressed during growth 354 

on either YPG or YPX. These results are consistent with recent observations (Kim et 355 

al. 2021). This would suggest an alternate mechanism for xylose utilization. One 356 

possibility is the conversion of xylulose to arabitol, catalyzed by arabitol 357 

dehydrogenase (ARD1). Indeed, significant arabitol production was previously 358 

observed during growth on xylose in rich medium (Jagtap and Rao 2018a; Jagtap and 359 

Rao 2018b). In support of this mechanism, expression of arabitol dehydrogenase 360 

(ARD1) was significantly higher (42-fold) during growth on YPX as compared to YPG. 361 

This enzyme converts xylulose to arabitol using NADH as the cofactor (Ingram and 362 

Wood 1965; Wong et al. 1993). This enzyme can also convert arabitol to ribulose using 363 

NAD as the cofactor (Wong et al. 1993). Ribulose is then phosphorylated by ribulose 364 

kinase (RK), forming ribulose-5-P. This metabolite is a substrate for the non-oxidative 365 

pentose phosphate pathway. Consistent with this mechanism, expression of the 366 

ribulose kinase gene (RK) was increased during growth on YPX as compared to YPG. 367 
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Why R. toruloides employs this more circuitous route for xylose metabolism is not 368 

known. 369 

Aside from enzymes directly involved in xylose utilization, we observed a few 370 

significant changes in the expression of genes involved in central carbon metabolism. 371 

Oxoglutarate dehydrogenase (KGD1b) was 27-fold upregulated. Pyruvate 372 

carboxylase (PYC1), succinate dehydrogenase (SDH4), malic enzyme (ME1), 373 

isocitrate lyase (ICL1, ICL2), malate synthase (MLS1), and glucose-6-phosphate 374 

dehydrogenase (ZWF1) were all upregulated at least 2-fold during growth on YPX as 375 

compared to YPG. Acetyl-CoA carboxylase (ACC1), ATP: citrate lyase (ACL1), and 376 

fatty-acyl-CoA synthase (FAS1 and FAS2) were downregulated 2 to 3-fold.  377 

From the metabolomics analysis (Fig. 3; Supplemental Dataset 2), large increases 378 

in the concentrations of xylose (77-fold), xylitol (122-fold), and xylulose (3-fold) were 379 

observed, which is consistent with the XR/XDH pathway for xylose utilization. In 380 

addition, we also observed an increase in the concentration of xylonic acid (3-fold). 381 

This compound is formed from xylose by glucose oxidase (Toivari et al. 2012). 382 

However, we could not identify any gene associated with glucose oxidase activity. The 383 

concentrations of many intracellular acids decreased during growth on YPX, which is 384 

consistent with the downregulation of genes in the fatty acid biosynthesis pathway. In 385 

addition, we observed decreased concentrations of the storage carbohydrate 386 

trehalose, which is linked to glucose metabolism, as well as galactose and glycerol.  387 

 388 

Growth on acetate  389 

We next explored acetate metabolism in R. toruloides by comparing gene 390 

expression during growth on YP medium containing acetate (YPA) versus YPG 391 
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medium. Overall, 1297 genes were significantly upregulated, and 1693 genes were 392 

significantly downregulated during growth on YPA versus YPG. 393 

Acetate enters the central metabolism through the action of acetyl-CoA synthetase 394 

(ACS1) (Fig. 4). This enzyme converts acetate and ATP to acetyl-CoA, AMP, and 395 

pyrophosphate. Consistent with this mechanism, the expression of ACS1 was 396 

increased during growth on YPA as compared to YPG. In addition, we observed 397 

significantly higher expression of isocitrate lyase (ICL1, 154-fold) and malate synthase 398 

(MLS1, 24-fold). Both these enzymes are involved in the glyoxylate cycle and are 399 

predicted to reside in the cytosol. While acetate can cross the plasma membrane, 400 

many organisms also utilize transporters for acetate uptake (Casal et al. 2008). The 401 

expression of two predicted permeases (protein ID: 11570 and 10804) was increased 402 

almost 150 and 145-fold, respectively, during growth on YPA versus YPG. We also 403 

observed increased expression of acetyl-CoA hydrolase (ACH1). Increased 404 

expression of this enzyme is consistent with a detoxification mechanism.  405 

We also observed increased expression of the genes involved in glycolysis, the 406 

pentose phosphate pathway, the TCA cycle, and the electron transport chain during 407 

growth on YPA versus YPG (Fig. 5). Fructose-1,6-biphosphatase (FBP1) and 408 

phosphoenolpyruvate carboxylase (PCK1) were both upregulated during growth on 409 

growth, suggesting increased flux through gluconeogenesis (Supplementary Fig. S3). 410 

In addition, we observed reduced expression of the genes involved in lipid production. 411 

Fatty acid biosynthesis genes including acetyl-CoA carboxylase (ACC1), and fatty-412 

acyl-CoA synthase (FAS1 and FAS2), were downregulated. Interestingly, the 413 

expression of ATP-citrate lyase (ACL1) also decreased. Likely, reduced expression of 414 

ACL1 reflects the high concentration of cytoplasmic acetyl-CoA arising from acetate 415 

as the main carbon source. However, pathways involved in carbon storage and 416 
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triacylglycerol (TAG) synthesis, including the glucan branching enzyme (GLG3), 417 

glycogen synthase (GSY1), myo-inositol-1-phosphate synthase (INO1), diacylglycerol 418 

O-acyltransferase (DGA1), acylglycerone-phosphate reductase (AYR1), glycerol 3-419 

phosphate dehydrogenase (GPD1, GPD2 and GUT1) were upregulated. Taken 420 

together, these results indicate that the genes involved in acetate utilization, including 421 

the glyoxylate cycle, are induced by acetate. Interestingly, we also found that the 422 

genes involved in central metabolism, namely glycolysis, were also upregulated.  423 

During growth on YPA, we did not observe many significant changes in the 424 

concentration of intracellular metabolites as compared to growth on YPG. We mostly 425 

observed increased concentrations for several amino acids: alanine, tyramine, and 426 

threonine (Fig. 3; Supplemental Dataset 2). Only the concentration of lysine 427 

decreased. In agreement with the increased expression of carbon storage pathways, 428 

we observed an increase in the concentration of glycerol, mannitol, and myo-inositol, 429 

and a decrease in the concentration of glycerol-3-phosphate. Lastly, the 430 

concentrations of intracellular long-chain fatty acids decreased, in alignment with the 431 

reduced expression of fatty acid biosynthesis.  432 

 433 

Growth on oil  434 

We lastly explored fatty-acid metabolism in R. toruloides by comparing gene 435 

expression during growth on YP medium containing soybean oil (YPS) versus YPG 436 

medium. Overall, 1296 genes were significantly upregulated, and 1392 genes were 437 

significantly downregulated during growth on YPS versus YPG. 438 

Lipases catalyze the hydrolysis of fats and oils. R. toruloides has 10 predicated 439 

lipases. During growth on YPS, expression of two secreted lipases (sLIP1 and sLIP2) 440 

and one intracellular lipase (TGL1), predicted to reside in the peroxisome, increased. 441 
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Interestingly, the expression of the secreted sLIP3 lipase decreased, which hydrolyses 442 

triacylglycerol into free fatty acids and glycerol (Fickers et al. 2011).  443 

Not surprisingly, we observed increased expression of the genes involved in fatty-444 

acid catabolism and decreased expression of the genes involved in fatty-acid 445 

synthesis, when comparing growth on YPS versus YPG. Fatty-acid ligases (FAA) are 446 

involved in the activation of imported long-chain fatty acids (C12–C18) by forming the 447 

associated acyl-CoAs (Færgeman et al. 2001; Johnson et al. 1994). Expression of 448 

FAA1-5 was increased during growth on YPS as compared to YPG. FAA2 is involved 449 

in the activation of medium-chain fatty acids directed towards peroxisomal β-oxidation, 450 

whereas FAA3 is more active toward fatty acids with chain lengths longer than 18 451 

(Færgeman et al. 2001). We also observed increased expression of the FAT1 fatty-452 

acid transporter.  453 

Fatty-acid catabolism is a multistep process and requires four different types of 454 

enzymes (Hiltunen et al. 2003). In the peroxisome, the first reaction is catalyzed by 455 

acyl-coenzyme A oxidase (ACOX) and acyl-CoA dehydrogenase (ACAD), which 456 

converts acyl-CoA to enoyl-CoA. R. toruloides has three ACOX’s (ACOX1-3) and six 457 

different ACAD’s (ACAD1-6) (Coradetti et al. 2018). Multiple ACOX’s isozymes in a 458 

single organism often have different specificities, including ones active against short-459 

chain fatty acids, long-chain fatty acids, or both (Wang et al. 1999a; Wang et al. 460 

1999b). Expression of ACOX1 and ACOX3 was increased during growth on YPS. 461 

Among the six ACAD’s, expression of ACAD3 and ACAD4 was significantly increased 462 

(>15 fold). The expression of the other three ACAD’s, ACAD2, ACAD5 and ACAD6, 463 

were more moderately increased (~9-fold). The second and third steps are catalyzed 464 

by enoyl-CoA hydratase (ECH) and 3-hydroxyacyl-CoA dehydrogenase (HADH), 465 

which converts trans-enoyl-CoA to β-keto-acyl-CoA. The expression of both ECHs 466 
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(ECH1 and ECH2) and HADH1 were increased. The expression of FOX2, the 467 

peroxisomal multifunctional enzyme, which catalyzes both steps 2 and 3 (Hiltunen et 468 

al. 1992), was also increased. In the fourth step, 3-ketoacyl-CoA thiolase (POT1) 469 

catalyzes the thiolytic cleavage of the 3-ketoacyl-CoA intermediate, yielding one 470 

acetyl-CoA and an acyl-CoA molecule shortened by two carbon atoms (Igual et al. 471 

1991). We observed an almost 10-fold increase in the expression of POT1. We also 472 

observed increased expression of the genes involved in the glyoxylate cycle: malate 473 

synthase (MLS1), isocitrate dehydrogenase (IDP1) and isocitrate lyase (ICL1). 474 

The peroxisome membrane is impermeable to the acyl-CoA’s generated during the 475 

oxidation of long-chain fatty acids. The carnitine shuttle uses carnitine to channel 476 

shorter acyl groups from coenzyme A to form acetyl carnitine, which can be shuttled 477 

across membranes of the peroxisomes and mitochondria (Elgersma et al. 1995; 478 

Strijbis and Distel 2010; Swiegers et al. 2001). Carnitine acetyltransferase (CAT2), 479 

localized in the peroxisome, transfers an acyl group from acyl-CoA to carnitine. We 480 

observed increased expression of CAT2 during growth on YPS versus YPG. Acyl-481 

carnitine is then transported into mitochondria by acylcarnitine translocase (CRC) 482 

(Palmieri et al. 1999). We did not observe significant upregulation of CRC. The reverse 483 

transfer of the acyl group from acyl-carnitine to coenzyme A is catalyzed by 484 

mitochondrial CAT2, whose expression was also increased. This process regenerates 485 

acyl-CoA and carnitine inside the mitochondria. 486 

Short-chain acyl-CoA that are carried through the carnitine shuttle, or activated in 487 

the cytosol by FAA2, enter the mitochondria for further oxidation. The mitochondrial 488 

oxidation also comprises of four enzymatic steps, similar to peroxisomal β-oxidation 489 

(Elgersma et al. 1995; Strijbis and Distel 2010; Swiegers et al. 2001). R. toruloides 490 

has mammalian orthologs of mitochondrial short chain and branched chain acyl-CoA 491 
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dehydrogenases (ACADSB) and medium chain acyl-CoA dehydrogenases (ACADM). 492 

The first reaction is catalyzed by ACADSB and ACADM, which converts long and short 493 

chain acyl-CoA’s to trans-enoyl-CoA. We observed a significant (50-fold) increase in 494 

the expression of ACADSB. ACADM expression was also increased, albeit more 495 

moderately (2-fold). We also observed increased expression of enoyl-CoA hydratase 496 

(ECHS1) and 3-hydroxyacyl-CoA dehydrogenase (HADH1 and HADH2), which 497 

convert trans-enoyl-CoA to β-keto-acyl-CoA. Finally, the expression of acetyl-CoA 498 

acetyltransferase (ACAA1 and ACAA2), which catalyze the conversion of β-keto-acyl-499 

CoA into one acetyl-CoA and an acyl-CoA molecule shortened by two carbon atoms, 500 

was also increased. Overall, these changes are consistent with the utilization of oil. 501 

Finally, we observed increased expression of many genes involved in the TCA and 502 

glyoxylate cycle. Increased expression of the glycolytic enzymes, 503 

phosphofructokinase (PFK1/2), pyruvate carboxylase (PYC1), phosphoenolpyruvate 504 

carboxykinase (PCK1), and hexokinase (HXK), was also observed. However, 505 

expression of pyruvate kinase (PYK1), pyruvate dehydrogenase (PDB1) and 506 

glyceraldehyde-3-phosphate dehydrogenase (GADPH) was decreased. Since the 507 

respiratory chain and TCA cycle are metabolically connected with mitochondrial β-508 

oxidation, these changes in expression are likely due to increased β-oxidation.  509 

When comparing intracellular metabolites during growth on YPS versus YPG, we 510 

observed increased concentrations of mannitol and xylitol (Fig. 3; Supplemental 511 

Dataset 2). The origin for these differences is not immediately evident. Interestingly, 512 

we observed a reduction in the concentration of many fatty-acid derived molecules, 513 

which likely reflects the fact that the cells are degrading fatty acids rather than making 514 

them. In addition, both the concentrations of ornithine and ornithine-1,5-lactam 515 
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decreased. Likely, the cells are using fatty acids for energy and the amino acids in 516 

YPS medium for biomass, unlike the case during growth on YPG. 517 

 518 

Discussion 519 

R. toruloides can grow on multiple carbon sources, including glucose, xylose, 520 

acetate, galactose, arabinose, mannose, fructose, sucrose, and oil. However, little is 521 

known about the governing metabolic pathways and their regulation. To better 522 

understand these pathways, we measured gene expression and intracellular 523 

metabolites during growth of R. toruloides IFO0880 on glucose, xylose, acetate, and 524 

oil. These substrates were chosen because they are being explored as potential 525 

substrates for conversion by R. toruloides into more valuable fuels and chemicals. All 526 

the samples were collected at exponential phase of YPG, YPX, YPA, and YPS 527 

medium in a baffled shake flask. The sampling point for the YP control was late 528 

exponential. R. toruloides can grow well on YP medium without additional carbon 529 

source. We selected the 24 h sampling time point for the YP control to ensure a 530 

sufficiently high OD and also used a similar time as the glucose, xylose, and acetate 531 

experiments. The sample point for oil was chosen earlier because it already reached 532 

an OD of 10 after 16 h of growth. Significant differences were observed in gene 533 

expression and metabolite concentrations during growth on the different substrates 534 

(Fig. 2 and 3). To better understand these differences, we mapped them onto the 535 

central carbon metabolic pathways of R. toruloides (Fig. 4). This analysis required us 536 

to identify and annotate many of the genes governing these pathways (Supplementary 537 

Dataset S1).  538 

Most of the changes in gene expression and metabolite concentrations were 539 

consistent with the metabolism of these substrates. During growth on glucose, 540 
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expression of the genes involved in lower glycolysis and the TCA cycle was increased. 541 

Expression of GDH1 was also increased by more than 100- fold. GHD1 catalyzes the 542 

reversible conversion of ammonia and α-ketoglutarate to form glutamate using 543 

NADPH as the cofactor. Likely, the large increase in GDH1 expression reflects the 544 

need of R. toruloides to scavenge nitrogen from amino acids in the growth medium. 545 

With respect to intracellular metabolites, the concentrations of glycolytic metabolites, 546 

galactose, and ornithine were higher during growth on YPG versus YP. Glucose can 547 

be converted to galactose, which is likely used to synthesize polysaccharides, 548 

glycolipids, and glycoproteins. In addition, the concentration of ornithine, which is 549 

involved in the urea cycle, increased. This likely reflects increased utilization of amino 550 

acids for production of energy during growth on glucose.  551 

Like many yeasts, R. toruloides employs the xylose reductase (XR)/xylitol 552 

dehydrogenase (XDH) pathway for xylose utilization (Fig. 4). The first enzyme, xylose 553 

reductase, converts xylose to xylitol using NADPH as the cofactor. The second 554 

enzyme, xylitol dehydrogenase, converts xylitol to xylulose using NAD as the cofactor. 555 

In most yeasts, xylulokinase (XKS) converts xylulose to xylulose-5-phosphate, which 556 

then enters the non-oxidative branch of the pentose phosphate pathway (Jagtap and 557 

Rao 2018a). Growth on xylose principally increases the expression of genes involved 558 

in the non-canonical xylose utilization pathway in R. toruloides and has only a minor 559 

effect on other genes involved in central metabolism, though it does affect the 560 

expression of many other genes. Growth on xylose resulted in increased expression 561 

of the genes involved in xylose metabolism, with the notable exception of xylulokinase. 562 

This suggest that there may be xylose-specific transcriptional regulators. However, the 563 

identity of these regulators and associate processes are unknown.  564 
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One interesting finding concerns xylose metabolism. Previously, R. toruloides was 565 

found to produce relatively large amounts of arabitol during growth on xylose (Jagtap 566 

and Rao 2018b). This behavior is puzzling, because it does not have any obvious 567 

benefit to the cell. Our analysis suggests that this behavior is due to poor expression 568 

of xylulokinase, resulting in a bypass through arabitol dehydrogenase. Even stranger 569 

is that xylose reduces xylulokinase expression. One possibility is that this is a strain 570 

specific mutation and unique to R. toruloides IFO0880. However, many yeasts 571 

produce arabitol during growth on xylose, suggesting that it is an adaptive strategy of 572 

unknown benefit (Pinheiro et al. 2020; Quarterman et al. 2017). Regardless, these 573 

results provide a potential strategy for improving the growth on R. toruloides on xylose, 574 

which natively is very poor, by constitutively expressing xylulokinase. 575 

In the case of acetate, expression of the genes involved in TCA cycle, 576 

gluconeogenesis, and pentose phosphate pathway were increased. Acetate enters 577 

the central metabolism through the action of acetyl-CoA synthetase (Fig. 4). This 578 

enzyme converts acetate and ATP to acetyl-CoA, AMP, and pyrophosphate. 579 

Increased expression of two permeases (protein ID: 11570 and 10804) suggest that 580 

they may facilitate acetate uptake. However, more detailed studies are required before 581 

proving this claim. Collectively, these results are consistent with acetate inducing the 582 

expression of acetate utilization genes. Acetyl-CoA hydrolase converts acetyl-CoA 583 

into acetate. However, increased expression of this enzyme would result in a futile 584 

cycle that consumes ATP by hydrolyzing the acetyl-CoA formed by acetyl-CoA 585 

synthetase. Researchers have previously shown that this enzyme in many fungi is a 586 

CoA-transferase involved in the detoxification of intracellular acetate by transforming 587 

acetate and succinyl-CoA into acetyl-CoA and succinate (Buu et al. 2003; Fleck and 588 

Brock 2009). 589 
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Lastly, during growth on soybean oil, we observed increased expression of many 590 

secreted lipases and putative fatty-acid transporters. Fatty acid transporter (FAT1) has 591 

been reported to play a pivotal role in the import of long-chain fatty acids in 592 

Saccharomyces cerevisiae and Yarrowia lipolytica (Choi and Martin 1999; Watkins et 593 

al. 1998). In another study, it was reported that FAT1 is another member of the yeast 594 

long-chain acyl-CoA synthetase family (Watkins 2008; Watkins et al. 2007). In vitro 595 

analysis has shown that FAT1 has CoA ligase activity towards very long-chain fatty 596 

acids (C22-C26) (Coe et al. 1999). These results suggest that, in addition to 597 

transporter activity, FAT1 can also activate long-chain fatty acids (LCFAs) by forming 598 

the associated acyl-CoA’s. 599 

Following the import aided by FAA’s and FAT1, fatty acids are degraded by β-600 

oxidation. We observed increased expression of the genes involved in β-oxidation in 601 

both the mitochondria and peroxisomes. In R. toruloides, both mitochondrial and 602 

peroxisomal fatty acid β-oxidation pathways have been reported (Coradetti et al. 2018; 603 

Zhu et al. 2012). Long-chain fatty acids are shortened in the peroxisome and then 604 

transferred via the carnitine shuttle to the mitochondria, where short chain fatty acids 605 

are oxidized to acetyl-CoA. Both peroxisomal and mitochondrial beta-oxidation are 606 

necessary for robust growth on fatty acids (Chegary et al. 2009; Swigonová et al. 607 

2009).  608 

In conclusion, these results further our understanding of central carbon metabolism 609 

in R. toruloides. These results and the associated data sets may help metabolic 610 

engineers further exploit the ability of R. toruloides to make diverse fuels and 611 

chemicals. In addition, they may also aid in the development of genome-scale models 612 

(Castañeda et al. 2018; Dinh et al. 2019; Kim et al. 2021; Tiukova et al. 2019). Future 613 
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work is focused on understanding the mechanisms governing lipid production during 614 

nutrient starvation and identifying the regulatory mechanisms governing metabolism. 615 
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Figure Captions 933 

Figure 1. Growth profiles of R. toruloides IFO0880. Growth on different carbon 934 

sources at 20 g/L in rich medium: glucose (a), xylose (b), acetate (c), soybean oil (d) 935 

and yeast peptone (e). Solid squares (■) are used to denote sugar concentrations. 936 

Solid circles (●) are used to denote the optical density (OD600). For each plot (a-c), 937 

sugar concentration is plotted on the left y-axis, and OD600 values are plotted on the 938 

right y-axis. 939 

 940 

Figure 2. Principal component analysis plot generated from gene expression profiles 941 

of R. toruloides IFO0880 grown on glucose (YPG), xylose (YPX), acetate (YPA), 942 

soybean oil (YPS) and yeast peptone (YP). RNAseq data was collected in triplicate for 943 

each condition. 944 

 945 

Figure 3. Heat map of intracellular metabolites from glycolysis (a), fatty acid 946 

biosynthesis (b), TCA cycle (c), and xylose utilization (d) of R. toruloides IFO0880 947 

grown on glucose, xylose, acetate, soybean oil and yeast peptone. All experiments 948 

were performed with six replicates. Color key represents the z-score for each 949 

metabolite (normalized for all growth conditions). 950 

 951 

Figure 4. Central metabolic pathway in R. toruloides IFO0880. Gene and metabolite 952 

names are included in Supplemetary dataset S1 and Supplementary Table S3.  953 

Intracellular metabolites reported in this study are highlighted in grey.  954 

 955 

Figure 5. Transcriptional changes in pathways associated with TCA cycle (a), 956 

glycolysis (b), pentose phosphate pathway (c), xylose utilization (d), acetate utilization 957 
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(e) and lipid biosynthesis (f) in R. toruloides IFO0880 grown on glucose (YPG), xylose 958 

(YPX), acetate (YPA), soybean oil (YPS) and yeast peptone (YP). RNAseq data was 959 

collected in triplicate for each condition. Color key represents the z-score for each 960 

gene (normalized for all growth conditions). 961 

 962 

Figure 6. Transcriptional changes in pathways associated with fatty acid utilization in 963 

R. toruloides IFO0880 grown on glucose (YPG), xylose (YPX), acetate (YPA), 964 

soybean oil (YPS) and yeast peptone (YP). RNAseq data was collected in triplicate for 965 

each condition. Color key represents the z-score for each gene (normalized for all 966 

growth conditions).  967 


