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A B S T R A C T

Most eukaryotic oleaginous species are yeasts and among them the basidiomycete red yeast, Rhodotorula
(Rhodosporidium) toruloides (Pucciniomycotina) is known to produce high quantities of lipids when grown in
nitrogen-limiting media, and has potential for biodiesel production. The genome of the CGMCC 2.1609 strain of
this oleaginous red yeast was sequenced using a hybrid of Roche 454 and Illumina technology generating 13×
coverage. The de novo assembly was carried out using MIRA and scaffolded using MAQ and BAMBUS. The
sequencing and assembly resulted in 365 scaffolds with total genome size of 33.4 Mb. The complete genome
sequence of this strain was deposited in GenBank and the accession number is LKER00000000. The annotation is
available on Figshare (doi:http://dx.doi.org/10.6084/m9.figshare.4754251).

Specifications

Organism/cell
line/tissue

Rhodotorula toruloides strain CGMCC 2.1609

Sex N/A
Sequencer or array

type
Roche 454 & Illumina GAIIx

Data format Raw data and analysed; i.e. assembly
Experimental

factors
Genomic sequence of pure culture

Experimental
features

Genomic sequence of pure culture

Consent Not applicable. Data are available without
restriction

Sample source
location

Chinese General Microbiological Culture
Collection (CGMCC)

1. Direct link to deposited data

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA297267
https://figshare.com/articles/Gene_annotation_of_the_oleaginous_

yeast_Rhodotorula_toruloides_strain_CGMCC_2_1609/4754251

2. Introduction

Rhodotorula toruloides (formerly Rhodosporidium toruloides [1]) is an
oleaginous red yeast which can accumulate lipids to 75% of biomass
[2,3]. R. toruloides lipids are principally triacylglycerols comprising
mostly C16 and C18 fatty acids [2,4,5] and biodiesel can be directly
produced by methanolysis of dried cellular biomass [6]. R. toruloides
can metabolise the five- and six-carbon sugars liberated by degradation
of lignocellulosic biomass, and can achieve a high lipid yield [7,8]. R.
toruloides can also metabolise other economically relevant feedstocks
including acetic acid [9], glycerol [10] and inulin [11,12]. Here we
report the genome sequence of R. toruloides strain CGMCC 2.1609
which has inulinase activity [11].

3. Experimental design, materials and methods

3.1. Culture conditions and DNA isolation

R. toruloides CGMCC 2.1609 was cultured at 28 °C in YMY medium
(10 g l−1 glucose, 5 g l−1 soybean peptone, 3 g l−1 yeast extract,
3 g l−1 malt extract) for three days. Cells from 5 ml culture were
resuspended in 1 ml of 50 mM citrate/phosphate pH 5.6, 40 mM EDTA,
1.2 M sorbitol, plus 2.5 mg Zymolyase, incubated at 37 °C for 60 min,
washed in 0.55 ml of TE (10 mM Tris, 1 mM EDTA pH 8.0) containing
10 g l−1 SDS and incubated at 65 °C for 60 min. 175 μl of 5 M
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potassium acetate was added and the sample kept on ice for 5 min,
centrifuged (4 °C, 15 min) and DNA was precipitated from the super-
natant with an equal volume of ice-cold isopropanol at −20 °C for
60 min, washed twice with 70% ethanol, and incubated in 350 μl TE
containing 50 mg l−1 ribonuclease A at 65 °C for 10 min. After two
phenol/chloroform extractions the DNA was precipitated with 70%
ethanol on ice for 10 min, washed with 70% ethanol and resuspended
in 30 μl TE.

3.2. Preparation of 2 kb and 4 kb mate pair libraries for genome sequencing

DNA quantification and quality control were performed by agarose
gel electrophoresis and measurement of the absorbance at 260 nm,
280 nm and 230 nm confirming an OD 260/280 of between 1.8 and 2.
The mate pair libraries were prepared according to the Illumina
protocol (Preparing 2–5 kb Samples for Mate Pair Library Sequencing;
Part # 1005363 Rev. B; February 2009) with a few modifications. DNA
shearing was optimised using a Nebulizer and all DNA purification steps
up to the circularisation of the fragments were carried out using a
Qiagen Qiaex II gel extraction kit under the conditions described in the
Illumina Mate Pair Library V2 kit (Part # 15008135, November 2009).
Quality, quantity and size distribution of the purified DNA were
checked using an Agilent Bioanalyzer DNA12000 chip for 2 and 4 kb
fragments and a DNA 1000 chip for fragment size between 350 and
650 bp.

3.3. Genome sequencing

Genome sequencing was performed using a combination of single-
read Roche 454 Life Sciences GSFLX Titanium (Liverpool Advanced
Genomics Facility) and 2 kb and 4 kb mate pair Illumina GAIIx
technology (Exeter University Sequencing Service). Two rounds of
454 sequencing provided a total of 2,248,095 reads (~843 Mb). De
novo assembly of trimmed reads was performed using MIRA version
2.9.43 [13] followed by filtering of small and low coverage contigs
(< 5 kb; coverage> 10×). Scaffolding of contigs was assisted by
Illumina sequencing of 2 kb and 4 kb mate-pair libraries using Maq/
Bambus [14]. CGMCC 2.1609 assembled as 365 scaffolds with an
average coverage of 13× and a total size of 33.4 Mb. Using in-house
RNA-seq and proteomic data as additional evidence, 9820 gene models
were predicted using MAKER and were functionally annotated with
annot8r [15].

General features of Rhodotorula toruloides CGMCC 2.1609
genome.

Number of scaffolds 365
Number of contigs 868
Contig N50 65,782
Scaffold N50 190,017
Predicted coding sequences (CDS) 9820
GC content (%) 61.9
Size (bp) 33.4 Mb
≥99.0% identity with genome ofMAT-A1 haploid CBS 14 18.4 Mb
≥99.0% identity with genome of MAT-A2 haploid CBS

349
13.9 Mb

The genome of R. toruloides strain CGMCC 2.1609 assembles as
33.4 Mb, which is larger than the ~20.3 Mb sequenced genomes of
haploid R. toruloides strains [16–19]. Of the assembled CGMCC 2.1609
genome, 18.4 Mb (55.1%) is highly similar (≥99% identity) to the
genome of A1 mating-type haploid strain CBS 14 (ATCC 10788; IFO
0559), whereas 13.9 Mb (41.6%) is highly similar to the genome of A2
mating-type haploid CBS 349 (ATCC 10657; IFO 0880). These two

haploid strains of R. toruloides are very divergent [16], sharing only
87% identity in genomic nucleotide sequences, despite the fact that
they can mate as exemplified by the type strain of R. toruloides [20]. The
CGMCC 2.1609 genome sequenced here contains only A1 mating-type
information [21,22], which is consistent with aneuploidy observed in
progeny from such a mating [23].

Acknowledgments

This research was funded by grants from Shell Global Solutions
(UK). We gratefully acknowledge Liverpool Advanced Genomics
Facility and Exeter Sequencing Service and computational core facilities
at the University of Exeter supported by Wellcome Trust Institutional
Strategic Support Fund (WT097835MF) and Wellcome Trust Multi User
Equipment Award (WT101650MA).

References

[1] Q.M. Wang, et al., Phylogenetic classification of yeasts and related taxa within
Pucciniomycotina, Stud. Mycol. 81 (2015) 149–189.

[2] Y.H. Li, Z.B. Zhao, F.W. Bai, High-density cultivation of oleaginous yeast
Rhodosporidium toruloides Y4 in fed-batch culture, Enzym. Microb. Technol. 41 (3)
(2007) 312–317.

[3] M.G. Wiebe, et al., Lipid production in batch and fed-batch cultures of
Rhodosporidium toruloides from 5 and 6 carbon carbohydrates, BMC Biotechnol. 12
(2012).

[4] C.M. Hu, et al., Effects of biomass hydrolysis by-products on oleaginous yeast
Rhodosporidium toruloides, Bioresour. Technol. 100 (20) (2009) 4843–4847.

[5] S.G. Wu, et al., Phosphate-limitation mediated lipid production by Rhodosporidium
toruloides, Bioresour. Technol. 101 (15) (2010) 6124–6129.

[6] B. Liu, Z. Zhao, Biodiesel production by direct methanolysis of oleaginous microbial
biomass, J. Chem. Technol. Biotechnol. 82 (8) (2007) 775–780.

[7] Q. Fei, et al., Enhanced lipid production by Rhodosporidium toruloides using different
fed-batch feeding strategies with lignocellulosic hydrolysate as the sole carbon
source, Biotechnology for Biofuels 9 (2016).

[8] F. Qi, et al., Novel mutant strains of Rhodosporidium toruloides by plasma
mutagenesis approach and their tolerance for inhibitors in lignocellulosic hydro-
lyzate, J. Chem. Technol. Biotechnol. 89 (5) (2014) 735–742.

[9] X.F. Huang, et al., Culture strategies for lipid production using acetic acid as sole
carbon source by Rhodosporidium toruloides, Bioresour. Technol. 206 (2016)
141–149.

[10] J.Y. Xu, et al., Microbial conversion of biodiesel byproduct glycerol to triacylgly-
cerols by oleaginous yeast Rhodosporidium toruloides and the individual effect of
some impurities on lipid production, Biochem. Eng. J. 65 (2012) 30–36.

[11] J. Wang, H.Z. Zhang, J. Bao, Characterization of inulin hydrolyzing enzyme(s) in
oleaginous yeast Trichosporon cutaneum in consolidated bioprocessing of microbial
lipid fermentation, Appl. Biochem. Biotechnol. 177 (5) (2015) 1083–1098.

[12] X. Zhao, et al., Lipid production from Jerusalem artichoke by Rhodosporidium
toruloides Y4, J. Ind. Microbiol. Biotechnol. 37 (6) (2010) 581–585.

[13] B. Chevreux, T. Wetter, S. Suhai, Genome sequence assembly using trace signals and
additional sequence information, German Conference on Bioinformatics, 1999.

[14] M. Pop, D.S. Kosack, S.L. Salzberg, Hierarchical scaffolding with Bambus, Genome
Res. 14 (1) (2004) 149–159.

[15] R. Schmid, M.L. Blaxter, annot8r: GO, EC and KEGG annotation of EST datasets,
BMC Bioinformatics 9 (2008) 180.

[16] J. Hu, L. Ji, Draft genome sequences of Rhodosporidium toruloides strains ATCC
10788 and ATCC 10657 with compatible mating types, Genome Announc
(2016) 4(2).

[17] S. Kumar, et al., Genome sequence of the oleaginous red yeast Rhodosporidium
toruloides MTCC 457, Eukaryot. Cell 11 (8) (2012) 1083–1084.

[18] N. Morin, et al., Draft genome sequence of Rhodosporidium toruloides CECT1137, an
oleaginous yeast of biotechnological interest, Genome Announc (2014) 2(4).

[19] Z.W. Zhu, et al., A multi-omic map of the lipid-producing yeast Rhodosporidium
toruloides, Nat. Commun. 3 (2012).

[20] I. Banno, Studies on the sexuality of Rhodotorula, J. Gen. Appl. Microbiol. 13 (2)
(1967) 167–196.

[21] R. Akada, et al., Multiple genes coding for precursors of rhodotorucine A, a farnesyl
peptide mating pheromone of the basidiomycetous yeast Rhodosporidium toruloides,
Mol. Cell. Biol. 9 (8) (1989) 3491–3498.

[22] M.A. Coelho, et al., Identification of mating type genes in the bipolar basidiomy-
cetous yeast Rhodosporidium toruloides: first insight into the MAT locus structure of
the Sporidiobolales, Eukaryot. Cell 7 (6) (2008) 1053–1061.

[23] K. Abe, T. Sasakuma, Identification of a diploid self-sporulating cycle in the
basidiomycetous yeast Rhodosporidium toruloides, J. Gen. Microbiol. 132 (1986)
1459–1465.

C. Sambles et al. Genomics Data 13 (2017) 1–2

2

http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0005
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0005
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0010
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0010
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0010
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0015
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0015
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0015
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0020
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0020
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0025
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0025
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0030
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0030
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0035
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0035
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0035
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0040
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0040
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0040
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0045
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0045
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0045
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0050
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0050
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0050
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0055
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0055
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0055
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0060
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0060
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0065
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0065
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0070
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0070
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0075
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0075
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0080
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0080
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0080
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0085
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0085
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0090
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0090
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0095
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0095
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0100
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0100
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0105
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0105
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0105
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0110
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0110
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0110
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0115
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0115
http://refhub.elsevier.com/S2213-5960(17)30078-8/rf0115

	Genome sequence of the oleaginous yeast Rhodotorula toruloides strain CGMCC 2.1609
	Direct link to deposited data
	Introduction
	Experimental design, materials and methods
	Culture conditions and DNA isolation
	Preparation of 2kb and 4kb mate pair libraries for genome sequencing
	Genome sequencing

	Acknowledgments
	References




