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The oleaginous yeast Rhodosporidium toruloides AS 2.1389 is viewed as desirable

industrial microorganisms that can accumulate a high content of lipids for biodiesel

production. In this study, we attempted to improve lipid accumulation in the yeast Rho-
dosporidium toruloides by UV irradiation mutagenesis and selection based on lithium

chloride tolerance or ethanol–H2O2 tolerance. The biomass concentration, lipid yield

and glucose consumption of mutant R. toruloides were determined. The transcription

levels of lipid accumulation-related genes in the wild-type and mutant strains were

also determined. The lithium chloride-tolerant strain R-ZL2 and the ethanol–H2O2-

resistant strain R-ZY13 were generated by UV mutagenesis. The two mutant strains

showed greater lipid productivity and lipid yield compared to the wild type. Transcrip-

tional analysis revealed that IDP1, GPD1 and GND were expressed at significantly

higher levels in the two high-lipid-producing mutants. In conclusion, lipid productiv-

ity and lipid yield in R. toruloides were successfully improved via UV mutagenesis

and selection. We also identified some lipid accumulation-related genes for improving

lipid productivity through genetic engineering.
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1 INTRODUCTION

Taking advantage of renewable resources for energy produc-

tion has become a hot topic worldwide given the decreasing

fossil fuel supply and growing environmental problems [1,2].

Biodiesel fuel as one of the most important renewable and

clean energy alternatives to fossil fuels, has received wide

attention [3]. The first generation biodiesel fuel mainly pro-

duced from plant oils (e.g., rapeseed, sunflower, soybean,

coconut, peanut, jatropha sp., and jojoba oil) [4,5]. However,

the prices of plant oils are rapidly increasing as the biodiesel

consumption increases worldwide [6]. Moreover, the compe-

tition between the cultivation of oil crops and food crops for

nutrients, water resources and arable land is also indeed wor-

risome [7]. Therefore, alternative resources for biodiesel pro-

duction, which are economically competitive, renewable, and

do not compete with food crops, needs to be developed.

Utilization of microbial oils as alternative resources for

biodiesel industries has received considerable attention

as its chemical component is similar to plant oils used as

feedstock for biodiesel [8]. Some microorganisms (e.g.,

yeast, bacteria, and algae) can synthesize and accumu-

late intracellularly oils more than 20% of their biomass.

These microbes are called oleaginous microorganisms,

and the oils they produce are termed as microbial oils [9].

Microbial oils for biodiesel production are advantageous

over traditional plant oils that include non-polluting, short

life-cycles, not occupy large amounts of arable land, and

unaffected by environmental factors [8]. However, the high

cost of biodiesel production restricts its wide commercializa-

tion [10]. Those costs mainly include expensive fermentation

substrates and complex oil extraction processes (cell rupture,

extraction, and phase separation) [11]. Although the current

price of biodiesel from microbial oils is higher than first
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generation biodiesel, it is expected to decrease as the

technology matures [12,13].

Oleaginous yeast is an important microbial oil producer,

it belongs to heterotrophic microorganisms that needs to

convert sugar-based substrate to obtain energy for growth

and oil accumulation [14,15]. Although it cannot accumulate

oils through photosynthesis, it is feasible to decrease costs

by using zero or negative value waste substrate as nutrient

source [9,16]. In addition, oleaginous yeasts offer advantages

over other oleaginous microorganisms, such as faster growth,

higher oil accumulation, shorter cultivation cycle, stronger

ability to use more carbon sources, and better ability to adapt

environmental changes [9,17]. Therefore, use of oleaginous

yeasts to produce more microbial oil is thus very important

to promote the development of second generation biodiesel

industry [18].

In order to produce microbial oil in a more effective way,

much effort has been focused on optimizing the culture con-

ditions of oleaginous yeasts, evaluating the effects of dif-

ferent cultivation modes on oil production by oleaginous

yeasts, and investigating the metabolic mechanisms and phys-

iological characteristics of oleaginous yeasts [19–21]. In fact,

random mutagenesis in oleaginous yeast by mutagens such

as mutagenic agents and UV light may also be a promis-

ing strategy for improving lipid productivity. Zhang [22]

reported that the yields of 𝛽-galactosidases in Aspergillus
oryzae were improved by UV mutagenesis and selection

using LiCl. The arachidonic acid in Mortierella alpinahas has

also been improved by UV mutagenesis and selection using

LiCl [23]. Yamada [1] reported that the lipid productivity

in Rhodosporidium toruloides NBRC 8766 was improved by

UV mutagenesis and selection using ethanol–H2O2. There-

fore, random mutagenesis and selection could be a promising

strategy for improving lipid production by some oleaginous

microorganisms.

The aim of this study was to improve lipid accumulation in

the yeast Rhodosporidium toruloides by UV irradiation muta-

genesis and selection. R. toruloides was irradiated by UV,

and mutants were selected based on tolerance to lithium chlo-

ride (LiCl) or ethanol–H2O2. Subsequently, the cell growth,

lipid production, and glucose consumption of mutant R. toru-
loides were determined. Finally, the transcription levels of

oil accumulation-related genes in the wild type and mutant

strains were evaluated.

2 MATERIALS AND METHODS

2.1 Strains, media, and cultivation
The yeast strain R. toruloides 2.1389 was purchased from

China General Microbiological Culture Collection Center and

used for oil production and mutagenesis. R. toruloides cells

Highlights
- R. toruloides mutants were selected based on LiCl

and ethanol–H2O2 tolerance

- UV & LiCl tolerance increased lipid production by

43.6% over the wild type

- UV & LiCl tolerance increased lipid productivity

by 43.2% over the wild type

- UV & ethanol–H2O2 tolerance increased lipid pro-

duction by 37.8% over the wild type

- UV & ethanol–H2O2 tolerance increased lipid pro-

ductivity by 37.5% over the wild type

were cultivated in yeast extract peptone dextrose medium

(20 g/L peptone, 20 g/L dextrose and 10 g/L yeast extract)

or in fermentation (FM) medium (2 g/L (NH4)2SO4, 1 g/L

KH2PO4, 1 g/L MgSO4⋅7H2O, 1 g/L CaCl2⋅2H2O, 1 g/L

NaCl, 0.5 g/L yeast extract, 30 g/L dextrose). R. toruloides
strains were grown at 28◦C in an air shaker at 150 rpm. The

monoclonal cell strain was inoculated from agar medium and

grown overnight in 5 mL medium in 𝜑16 × 125-mm2 test

tubes. The overnight cultures were inoculated in 100 mL of

medium using a 500-mL flask and grown for 96 h. Cell growth

was started at an optical density (OD 600 nm) of 0.1–0.2 and

continued for 24, 48, 72, 96, 120, and 144 h. We used a cor-

relation factor to convert OD to dry cell weight (DCW) per

liter.

2.2 Mutagenesis and selection
The R. toruloides cell strains were inoculated into 50 mL of

medium using a 250-mL flask and cultured for 24 h. The yeast

suspensions were then irradiated by UV light at 15 W/m2

for 8 min, which corresponded to a fatality rate of approxi-

mately 95%. Next, 1 × 106 cell strains were inoculated into

fresh yeast extract peptone dextrose agar medium contain-

ing a certain concentration of ethanol and H2O2 or LiCl.

After five cycles of compound mutagenesis and cultivation,

the dominant strains (those that showed a high oil produc-

tion rate and produced a large amount of oil) were cultivated

on FM medium. The concentration ratio of ethanol %v/v to

H2O2 (5 mmol/L) was 1:1. The concentration of LiCl was

5 mol/L. The lipid concentration was measured using the

sulfo-phospho-vanillin reaction method.

2.3 Real-time polymerase chain reaction
analysis
Total RNA was extracted from the yeast cells using a Yeast

RNA Kit R6870 (OMEGA) following the manufacturer’s
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F I G U R E 1 Lipid synthesis related pathway in R. toruloides. Abbreviations for genes are as follows: ACL1 ATP citrate lyase, FAS1 and FAS2

fatty acid synthase 1/2, GDH1 glutamate dehydrogenase, GND1 6-phosphogluconate dehydrogenase, GPD1 glycerol-3-phosphate dehydrogenase 1,

GUT2 glycerol-3-phosphate dehydrogenase, IDP1 isocitrate dehydrogenase, MAE1 mitochondrial malic enzyme

instructions. First-strand cDNA was synthesized using a

PrimeScriptTM II First-strand cDNA Synthesis Kit (TaKaRa)

and adopted as a template for reverse transcription PCR

amplification. The transcription levels of lipid production-

related genes [24] shown in Figure 1 were determined using

real-time quantitative PCR (RT-qPCR) with specific primers.

The primers for RT-qPCR were designed using Primer Pre-

mier 5.0 software and are listed in Supporting Information

Table 1. RT-qPCR analysis of genes was performed using a

LightCycler® 480 Real-Time PCR System with SYBR Green

Real-Time PCR Master Mix (Toyobo). The 𝛽-actin gene was

used as an internal reference gene for all experiments [25].

The expression levels of the genes were calculated using the

2−ΔΔCt method. Data are presented as the average of three

independent experiments. SPSS statistics software was used

to analyze the statistical significance; p < 0.05 was consid-

ered to indicate statistical significance.

2.4 Analytical methods
DCW was determined using gravimetric analysis. Each sam-

ple of culture broth (10 mL) was harvested by centrifugation

at 8000 g/min for 5 min and then washed three times with dis-

tilled water. The total DCW was determined after drying at

85◦C for 24 h.

Lipid concentration was determined using the sulfo-

phospho-vanillin reaction method [1]. First, 1 mL of culture

broth was centrifuged (8000 g/min for 5 min). The wet yeast

cells were washed three times with sterile water and resus-

pended in 0.5 mL of sterile water. Subsequently, 100 µL of

cell suspension was mixed with 2 mL of 98% sulfuric acid

and incubated in a boiling water bath for 10 min. After cooling

to room temperature, 5 mL of phospho-vanillin regent (6 g/L

vanillin, 10% ethanol, and 68% phosphoric acid) was added,

and the reaction mixture was incubated at 37◦C for 15 min.

After cooling to room temperature, the reaction mixture was

centrifuged at 6000 g/min for 5 min, and the absorbance of

the supernatant was measured at 530 nm. The lipid concen-

tration was determined from a calibration curve constructed

using the conventional gravimetric method.

Lipid composition was analyzed by GC–MS using an

Agilent 5975 series MSD and Agilent 7890A instrument

equipped with an HP-5 column (30 m × 0.25 mm, film thick-

ness of 0.25 m; HP). Mealy yeast (15 mg) was used to extract

fatty acids, and 10 µL of nonadecanoic acid was added as

an internal standard (Sigma–Aldrich). The mealy yeast was

added with 2 mL of 1 N HCl in methanol, vortexed for 50 min

with glass beads, placed in a water bath at 80◦C for 60 min for

methylation, and then cooled to room temperature. Next, 2 mL

of 0.9% NaCl was added to the solution. After vortexing for

30 s, 1.5 mL of hexane was added followed by vortexing for

5 min. The solution was then centrifuged at 6000 r/min for

10 min. The upper hexane layer was transferred to a clean GC

vial. The program used during GC/MS analysis was as fol-

lows: 140◦C for 2 min; heat to 180◦C at a rate of 5◦C/min;

hold at 180◦C for 5 min; heat to 230◦C at 5◦C/min; hold at

230◦C for 6 min with electron ionization of 70 eV [26]. The

differences in the fatty acid contents of wild-type R. toru-
loides and its mutants were statistically analyzed by t test with

p < 0.05 considered to indicate statistical significance.
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F I G U R E 2 Relative lipid production in mutants compared to the wild type strain R. toruloides 2.1389. (A) Lithium chloride tolerant mutants

and (B) ethanol-H2O2 stress tolerant mutants are shown

The physical and chemical properties of biodiesel fuel

were roughly evaluated by lipid composition according to the

method of Tanimura and Hoekman [27,28].

3 RESULTS AND DISCUSSION

3.1 Selection of high-lipid-producing mutant
yeasts based on LiCl and ethanol–H2O2
tolerance
High-lipid-producing mutants were selected from LiCl and

ethanol–H2O2 stress-tolerant mutants based on the relative

lipid productions of approximately 100 mutants compared to

the wild type. And the LiCl and ethanol–H2O2 stress tolerant

mutants, those exhibiting the highest lipid production were

selected and named R-ZL2 and R-ZY13, respectively.

As shown in Figure 2A, approximately 80% of LiCl-

tolerant mutants produced larger amounts of lipid than the

wild type. By using LiCl as a selection reagent, mutants

with higher lipid productivity compared to the original

strain were obtained. The combination of UV mutagenesis

and LiCl-based selection has previously been successfully

applied for mutant breeding. The yields of 𝛽-galactosidases

in Aspergillus oryzae [22] and arachidonic acid in Mortierella
alpinahas [23] were improved by UV mutagenesis and selec-

tion using LiCl. Therefore, LiCl can be a promising selec-

tion regent for generating high lipid producing mutants from

oleaginous yeasts.

As shown in Figure 2B, approximately 72% of ethanol–

H2O2 stress-tolerant mutants produced larger amounts of lipid

than the wild type. In this study, the use of ethanol–H2O2

for selection also led to the successful generation of mutants

with higher lipid productivity than the original strain. Some

studies have shown that stress tolerance can influence the

lipid productivity of yeast [29]. The clear correlation between

lipid productivity and stress tolerance in yeast has not been

established, but the multiple stress tolerances are more con-

ducive to improving lipid productivity than a single stress tol-

erance [1]. Therefore, high-lipid-producing yeast strains can

be successfully created through the use of ethanol–H2O2 com-

bined with an efficient mutagenesis procedure.

The stability of mutants is very important in industrial prac-

tice, and the results of lipid production of the mutant R-ZL2

and R-ZY13 for eight generations are presented in Table 1. As

shown in Table 1, the lipid production of the mutant R-ZL2

for eight generations ranged from 2.24–2.30 g/L and the lipid

production of the mutant R-ZY13 for eight generations ranged

from 2.12–2.18 g/L, indicating a weak influence of passage

times on lipid production of the two mutants. The results of the

hereditary stability test of mutant strains showed that mutant

R-ZL2 and R-ZY13 were stable isolates.

3.2 Cultivation of high-lipid-producing
mutant yeasts
To evaluate lipid production over time, the wild type RC

(2.1389) and its mutants R-ZL2 and R-ZY13 were cultivated

in FM medium in a flask. All strains showed similar glucose

consumption rates (Figure 3A) and DCWs (Figure 3B). The

maximum amount of lipid produced by the wild type RC was

1.56 g/L after 96 h of cultivation (Figure 3C; Table 2). The

corresponding values for mutants R-ZL2 and R-ZY13 were

2.24 and 2.15 g/L after 96 h of cultivation, respectively. There-

fore, the R-ZL2 and R-ZY13 mutants exhibited higher rates

of lipid production (23.323 ± 1.8 and 22.396 ± 2.5 mg/L/h,

respectively) than the wild type RC (16.291 ± 1.6 mg/L/h).

Continue to prolong the time of culturing, the sugar
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T A B L E 1 Lipid production of Mutant Strains for eight Generations

Passage timeslipid production (g/L)
Strain 1 2 3 4 5 6 7 8
R-ZL2 2.24 ± 0.10 2.30 ± 0.15 2.28 ± 0.12 2.25 ± 0.10 2.26 ± 0.08 2.25 ± 0.05 2.28 ± 0.06 2.24 ± 0.04

R-ZY13 2.15 ± 0.05 2.12 ± 0.06 2.18 ± 0.02 2.15 ± 0.03 2.12 ± 0.08 2.12 ± 0.05 2.16 ± 0.02 2.15 ± 0.04

F I G U R E 3 Time course analysis of glucose and lipid concentration and dry cell weight in wild type mutant strains. (A) Glucose

concentrations, (B) dry cell weights (DCWs), and (C) lipid concentrations are shown. Data are presented as the average of three independent

experiments. Error bars represent means ± standard deviation

T A B L E 2 Summary of lipid production in the wild-type R.
toruloides 2.1389 strain and the derived mutants

Strain

Maximum
lipid
production
(g/L)

Maximum
lipid
production
time (h)

Maximum
lipid
production
rate (mg/L/h)

RC (2.1389) 1.56 ± 0.1 96 16.291 ± 1.6

R-ZL2 2.24 ± 0.2** 96 23.323 ± 1.8 **

R-ZY13 2.15 ± 0.08** 96 22.396 ± 2.5 **

Data shown are averages of three independent experiments. Significant differences

were determined by t test (**p < 0.01, *p < 0.05).

depletion resulted in cellular lipid degradation, which eventu-

ally led to the decline of lipid production at the end of fermen-

tation [18]. Meanwhile, the biomass of yeasts also declined in

the later stage of fermentation. Similar results were reported

in Yamada’s study [1].The results showed that the biomass of

the mutant strain was similar to that of the original strain in

the same incubation time. The ultimate cause of increase of

the lipid production of the mutant strain might be the increase

of the lipid content.

3.3 Relative transcription levels of lipid
production-related genes in mutants
To evaluate the relative transcription levels of lipid

production-related genes in the mutants, the wild-type

strain RC and its mutants R-ZL2 and R-ZY13 were cultivated

in FM medium for 96 h, and real-time PCR analysis was

performed. In the R-ZL2 mutant, the transcription levels of

IDP1, GPD1, GND1, and ACL1 were significantly higher

than in the wild type (Figure 4A). In the R-ZY13 mutant, the

transcription levels of IDP1, GPD1, GND1, and FAS1 were

significantly higher than in the wild type (4B).

The transcription levels of three genes, IDP1, GND1,
and GPD1, were significantly higher in the two high-

lipid-producing mutants (Figure 4) generated in this study.

IDP1, which encodes isocitrate dehydrogenase, converts isoc-

itrate to 𝛼-ketoglutaric acid to produce nicotinamide ade-

nine dinucleotide phosphate (NADPH) (Figure 1). GND1,

which encodes 6-phosphogluconate dehydrogenase, converts

6-phos-phogluconate to ribulose 5-phosphate, also producing

NADPH (Figure 1). Because lipids are highly reduced sub-

stances, the production of a reducing agent (i.e., NADPH)

is important for lipid production [1,24]. Therefore, the high

transcription levels of IDP1 and GND1 might contribute to

increasing lipid productivity by providing sufficient reduc-

ing power for lipid production in mutant strains. Previous

studies have found that the transcription level of IDP1 is

increased when the lipid productivity in oleaginous yeasts

R. toruloides NP11 [24], R. toruloides NBRC8766 [1], and

Yarrowia lipolytica [30] was increased. Lucero et al. (2017)

indicated that the transcription level of GND1 increased under

lipid-productive nitrogen starvation in Ustilago maydis [31].

GPD1, which encodes glycerol-3-phosphate dehydrogenase,

converts 3-phosphate dihydroxyacetone to 3-phosphate glyc-

erol to produce acetyl-CoA, a direct lipid precursor that

is important for lipid production. Therefore, the high
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F I G U R E 4 Relative transcription levels of lipid production-related enzymes in the evaluated mutant strains. (A) The lithium chloride tolerant

mutant R-ZL2 and (B) ethanol and H2O2-stress tolerant mutant R-ZY13 are shown. Data are presented as the average of 3 independent experiments.

Error bars represent means ± standard deviation. Significant differences were calculated using the t test (**p < 0.01, *p < 0.05)

T A B L E 3 Fatty acid compositions of the wild-type R. toruloides 2.1389 strain and the derived mutants

Fatty acid composition (% w/w)

Strain
Myristic
(C14:0)

Palmitic
(C16:0)

Stearic
(C18:0)

Oleic
(C18:1)

Linoleic
(C18:2)

𝜶-linolenic
(C18:3)

RC (2.1389) 0.52 ± 0.2 19.20 ± 0.4 4.8 ± 0.2 63.73 ± 2.2 7.59 ± 0.3 2.95 ± 0.2 In this study

R-ZL2 1.05 ± 0.01 23.47 ± 0.01** 11.79 ± 0.01* 58.26 ± 0.03 4.02 ± 0.01 1.23 ± 0.2* In this study

R-ZY13 1.12 ± 0.04 23.65 ± 0.02** 10.07 ± 0.01* 59.89 ± 0.06 4.31 ± 0.03 1.14 ± 0.25* In this study

R. toruloides DSM4444 – 16.6 ± 1.6 10.2 ± 1.0 58.5 ± 2.9 7.8 ± 1.1 – Seraphim 2017

R. toruloides AS 2.1389 – 28.5 12.9 41.3 12.8 – Xu 2017

Soybean oil – 10.05 ± 0.02 4.56 ± 0.2 26.52 ± 0.03 52.38 ± 0.06 6.15 ± 0.2 Sofia 2016

Data shown are the average of three independent experiments. C14:0, myristic acid; 16:0, palmitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3,

𝛼-linolenic acid. Significant differences were determined by t test (**p < 0.01, *p < 0.05).

transcription level of GPD1 might also contribute to enhanced

lipid productivity. Wang et al. (2013) reported that the tran-

scription level of GPD1 increased under lipid-productive

nitrogen starvation in oleaginous yeast Y. lipolytica.

In this study, the transcription level of ACL1 was signifi-

cantly higher than in the wild type only in the R-ZL2 mutant.

ACL1 encodes ATP citrate lyase, which catalyzes the genera-

tion of acetyl-CoA from mitochondrial citrate. Acetyl-CoA is

a vital building block in the endogenous biosynthesis of fatty

acids [32,33]. Therefore, ACL1 is important for lipid biosyn-

thesis. Large increases in ACL1 activity have been reported

in different studies during lipid accumulation in Trichosporon
cutaneum [34], R. toruloides [24], and Y. lipolytica [30]. The

transcription level of FAS1 was significantly higher than in

the wild type only for the R-ZY13 mutant. FAS1 encodes the

𝛽 subunit of fatty acid synthase, which catalyzes the NADPH-

dependent condensation of acetyl-CoA and malonyl-CoA to

produce fatty acid [35]. Therefore, the high transcription level

of FAS1 in the high-lipid-producing mutant might have a pos-

itive effect on lipid biosynthesis. Previous studies found that

the transcription level of FAS1 is up-regulated under lipid-

productive culture conditions in the oleaginous yeast R. toru-
loides [24,36].

3.4 Lipid composition in wild-type and
mutant yeasts
To evaluate lipid composition, the wild-type strain RC and its

mutants (R-ZL2 and R-ZY13) were cultivated in FM medium

for 96 h, and the methyl-esterified lipids were analyzed by

GC/MS (each strain was analyzed in triplicate). In the wild

type, oleic acid (63.73%) was the major lipid produced fol-

lowed by palmitic acid (19.2%, Table 3). In the R-ZL2 and R-

ZY13 mutants, oleic acid (58.26% and 59.89%, respectively)

was also the major lipid followed by palmitic acid (23.47%

and 23.65%, respectively). It is generally known that the prop-

erties of biodiesel fuel (e.g., viscosity, specific gravity, and

cetane number) mainly depend on the lipid composition of the

feedstocks. Some countries or regions have established rele-

vant standards, such as ASTM D6751 in USA, S50 in China,

and EN 14214 in the EU [27,37]. Therefore, lipid composition

in oleaginous yeast is important for biodiesel fuel application.



554 GUO ET AL.

T A B L E 4 Comparison of the properties of biodiesel produced from R. toruloides and its mutants with those of Chinese, U.S. and EU biodiesel

standards

Strain
Viscosity
(mm/s2) Specific gravity

Cloud point
(◦C) Cetane number Iodine number

Higher heating
value (MJ/kg)

RC (2.1389) 4.65 0.8774 8.27 57.02 77.98 40.05

R-ZL2 4.76 0.8764 10.65 58.21 64.76 39.77

R-ZY13 4.75 0.8765 10.39 58.08 66.21 39.80

R. Toruloides NBRC 8766 4.64 0.8775 8.06 56.92 79.14 40.11

L. Starkeyi NBRC 10381 4.61 0.8778 7.38 56.58 82.93 40.20

S50 1.9–6.0 0.82–0.9 – 49 (minimum) 101 (maximum) –

ASTM D6751 1.9–6.0 – – 47 (minimum) 93 (maximum) –

EN 14214 3.5–5.0 0.86–0.9 – 51 (minimum) 120 (maximum) –

Table 3 shows the fatty acid profiles. Although the lipid

composition in mutant yeasts varied from the wild type strain,

the major lipids of both the wild type and mutant strains

were oleic acid, palmitic acid, linoleic acid, and stearic acid.

The dominant fatty acids in yeast lipids are thus similar to

those found in R. toruloides DSM4444 [18], R. toruloides AS

2.1389 [38], and Soybean oil [39], making them an appropri-

ate substitute for biodiesel and other oleochemicals. Further-

more, we roughly evaluated the properties of biodiesel fuel

from lipid composition in Table 3 using the method of Hoek-

man (2012) (summarized in Table 4) [28]. And we also com-

pared these properties to those of biodiesel produced from

the lipid profiles of oleaginous yeasts R. toruloides NBRC

8766 [36] and Lipomyces starkeyi NBRC 10381 [27] along

with major biodiesel standards S50 (China), ASTM D6751

(USA), and EN 14214 (European Union) [27,37]. The results

(Table 4) show that the lipids obtained from R. toruloides and

its mutants in this study can serve as alternative oil sources

for biodiesel fuel.

4 CONCLUDING REMARKS

In this study, we successfully demonstrated that the combina-

tion of UV mutagenesis and LiCl/ethanol–H2O2 stress were

effective to enhance the lipid production of oleaginous yeast

R. toruloides. After R. toruloides (2.1389) was mutated by

UV and LiCl/ethanol–H2O2 stress, two mutant strains, R-ZL2

and R-ZY13, were obtained. The mutant strains R-ZL2 and R-

ZY13 exhibited lipid yields of 2.24 and 2.15 g/L, respectively,

corresponding to 43.6% and 37.8% increases over the wild

type. The lipid productivities of mutants R-ZL2 and R-ZY13

were 23.323 ± 1.8 and 22.396 ± 2.5 mg/L/h, respectively, cor-

responding to 43.2% and 37.5% increases over the wild type.

Transcription analysis indicated that lipid production might be

further improved by regulating some lipid production-related

genes via genetic engineering techniques in future studies. By

effectively combining mutagenesis and genetic engineering to

improve strain characteristics, yeast strains with low cost and

high oil production can be obtained, thus providing cheap raw

materials for biodiesel production.
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