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Delta-9 fatty acid desaturase overexpression enhanced lipid production and oleic
acid content in Rhodosporidium toruloides for preferable yeast lipid production
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The oil plants provide a sufficient source of renewable lipid production for alternative fuel and chemical supplies as an
alternative to the depleting fossil source, but the environmental effect from these plants’ cropping is a concern. The high
oleic acid (OA; C18:1) content in plant-derived products provide advantages of multiple uses with improved oxidative
stability and a wide range of applicable temperature. Here we used a promising lipid producer, the oleaginous yeast
Rhodosporidium toruloides, to attempt to obtain an OA-enriched lipid. Saccharomyces cerevisiae OLE1 (ScOLE1) gene
encodes D9 fatty acid desaturase (D9FAD), which is generally known to synthesize palmitoleic acid (POA; C16:1) and OA,
but the functions of putative R. toruloides D9FAD gene are not well understood. In a complementary test, the RtD9FAD
gene rescued the survival of an OA-deficient Scole1D mutant, and we introduced the RtD9FAD gene into R. toruloides
strains for the production of OA-enriched lipid. Increasing lipid production was observed in ScOLE1 and genomic
RtD9FAD gene-overexpressing R. toruloides strains. The ScOLE1 transformant output fivefold more OA content in total
amount, with >70% of total lipid. Different enhancing effects from the protein coding sequence and genomic sequence of
RtD9FAD genes were also observed. Overall, this study resulted in ScOLE1 and RtD9FAD gene overexpression in
R. toruloides to obtain OA-enriched lipid as a candidate source of designed biodiesel and lipid-related chemicals.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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In light of the well-established environmental pollution and
resource depletion caused by the fossil fuel consumption, alterna-
tive sources of energy continue to be a focus of research. One of
these alternative sources is oil plant-derived lipid, which generates
less environment-disturbing effects than fossil sources. Such lipids
are already being used as environmental friendly biofuels (1,2). In
efforts to determine the precise relationship between the fatty acid
composition of plant-derived lipids and their performance as bio-
diesel fuel, a focus of the research has been to identify the effects of
different fatty acids (1e5). Monounsaturated fatty acids (MUFAs),
especially oleic acid (OA, C18:1) rich in plant-derived lipid, offer
better oxidative stability for application to lubricants or biodiesel
than di- and tri-unsaturated fatty acids such as linoleic acid (C18:2)
and linolenic acid (C18:3) (1e4). MUFAs show better cold flow
ability compared to saturated fatty acids such as palmitic acid (PA;
C16:0) and stearic acid (STA; C18:0). Moreover, a plant-derived
biodiesel fuel was reported to produce less polluting products
such as CO, NOx, SOx, and particulates after being used compared to
fossil fuel (3e5). Plant-derived OA-enriched lipids have therefore
become a preferable alternative as a renewable lipid source.
However, the production of plant-derived lipids involves several
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issues regarding its impacts on the environment such as water
consumption, and pesticide administration (resulting in contami-
nation on land and in the water), plus questions regarding the
limitation of field sizes, sun or artificial light requirements, and
even the climate factors (6e8).

Oleaginous yeasts discovered from different living environ-
ments have the ability to use varied substrates including industrial
waste water or biomass towards a lipid synthesis with less
environmental-restricting factors compared to oil plants, and such
yeasts may therefore serve as lipid-producing workhorses (9e16).
In addition, flexible, controllable and trackable genetic tools will
enable the oleaginous yeasts to become a feasible platform for OA-
enriched lipid production for practical uses in the future (14,17e19).
However, the OA content that has been produced from conven-
tional or oleaginous yeasts thus far has been limited (approximately
40%e50% maximum) (20e23). The further enriched OA level
(�60%) in the plant-derived products was suggested to be the
suitable material for biodiesel production (2,5). An attempt was
thus done to produce OA level (85%) enriched soybean oil (24).

Yazawa et al. (25) achieved efficient OA accumulation with
increased ethanol tolerance in Saccharomyces cerevisiae with an
overexpression of rat elongase (rELO) gene, and the resultant
proportion of OA is around 40% of the total lipid; however their
system does not seem to provide a sufficient method of producing
OA-enriched lipid. Several attempts to enhance the lipid pro-
duction in the well-studied oleaginous yeast Yarrowia lipolytica
All rights reserved.



TABLE 1. Primers used in the present study.
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resulted in limited levels of OA-enriched lipids (26e28). A very
recent work that obtained an OA level over 90% in Y. lipolytica
again emphasized the importance of OA-enriched lipid for the
industrial purposes (5). Compared to Y. lipolytica, the oleaginous
yeast Rhodosporidium toruloides is not yet understood well
enough for the realization of its potential, due in part to the
limitations of available investigative tools.

R. toruloides belongs to subphylum Pucciniomycotina in the
phylum Basidiomycota (basidiomycotaetes). It is known as a pro-
ducer of carotenoids or enzymes, and it is now being intensively
studied and used for lipid production based on its promising lipid
productivity (29e33). R. toruloides strains were shown to be able to
accumulate high amount of lipids under the nitrogen-limited
conditions and to naturally produce OA at a relatively higher ratio
in total lipid compared to other yeasts.

In addition to providing better lipid properties for biodiesel and
chemical uses, OA is also an important precursor for the further
synthesis of valuable polyunsaturated fatty acids (PUFAs) in
oleaginous yeasts (25,34e37). OLE1 gene, with synonyms also
known as stearoyl-CoA desaturase (SCD) or D9-fatty acid desatur-
ase (D9FAD) gene, encodes D9-fatty acid desaturase (D9FAD), which
catalyzes the double bond formation between carbons 9 and 10 of
palmitic acid (PA; C16:0) and stearic acid (STA; C18:0) to synthesize
palmitoleic acid (POA; C16: l) and OA (38e40). The majority of
D9FAD-synthesized product (POA or OA) is highly host-dependent.
Only a few OLE1 homologues from oleaginous yeasts have been
isolated and characterized for their lipid- or OA-related production
capacity (5,27,28,41e43). Zhang et al. (42) demonstrated that the
overexpression of the own SCD gene in R. toruloides resulted in
enhanced lipid production, but the OA ratio is still relatively lower
than the ratios of the currently used plant-derived products.
Moreover, the exact function of R. toruloides D9FAD remains to be
established.

In the present work, we performed a complementary test to
examine the fatty acid POA and OA synthesizing function of
R. toruloides D9FAD, which is from the genome-opened R. toruloides
strain NP11 (NP11) (33). A newly isolated R. toruloides strain
DMKU3-TK16 (TK16) which has promising lipid productivity was
used as the expressing platform along with strain NP11 for a con-
trol model (44). We conducted a functional examination and
attempted to enhance the OA production in R. toruloides by over-
expressing ScOLE1 and the homologue RtD9FAD genes. With the
use of a previously established transformation system (45), ScOLE1
and RtD9FAD genes were introduced individually in both the NP11
and TK16 strains for the production of OA-enriched lipid. We
observed and discuss the effect on gene expression obtained by
using the protein coding sequence (CDS) and genomic sequence of
RtD9FAD gene.
Primer name Sequence (50-30) Feature

ScOLE1-BamHI-F GTT TTG GAT CCA TGC CAA CTT CTG GAA
CTA C

Plasmid
construction

ScOLE1-NdeI-R GTT TTC ATA TGT TAA AAG AAC TTA CCA
GTT TCG

Plasmid
construction

ScOLE1-XbaI-R GTT TTT CTA GAT TAA AAG AAC TTA CCA
GTT TCG

Plasmid
construction

NP11OLE1-BamHI-F GGA TCC ATG ACT GCC TCT TCG GCA C Plasmid
construction

NP11OLE1-NdeI-R CAT ATG TTA CGC CTT GAC CTT CAG Plasmid
construction

NP11OLE1-XbaI-R GTT TTC TAG ATT ACG CCT TGA CCT TCA G Plasmid
construction

RtNP11-URA3qPCR-F ACC AAC CTC TGC GTT TCA GTC Real-time PCR
RtNP11-URA3qPCR-R CCT CCC AAA TCA GAA AAT CG Real-time PCR
RtNP11-OLE1qPCR-F CCG GTT TCA TCC ACG ATG TCA GC Real-time PCR
RtNP11-OLE1qPCR-R CTG AGA CCG CCC AAG AGG TTG GTT TC Real-time PCR
RtTK16-URA3qPCR-F ACG CAA TAA TGC TTG TGC AG Real-time PCR
RtTK16-URA3qPCR-R AGC GAT CTC TCT CCC TCT CC Real-time PCR
MATERIALS AND METHODS

Microorganisms and medium R. toruloides DMKU3-TK16 was obtained
from the Department of Microbiology, Faculty of Science, Kasetsart University,
Thailand (44). R. toruloides ATCC 10657 and NP11 were obtained from the
American Type Culture Collection (ATCC; Rockville, MD, USA). The R. toruloides
strains were grown in YM broth (0.3% yeast extract, 0.3% malt extract, 0.5%
peptone and 1% glucose) for cell preparation and on YM agar plate for routine
maintenance. R. toruloides strains were cultivated in nitrogen-limited medium
(0.075% yeast extract, 0.055% (NH4)2SO4, 0.04% KH2PO4, 0.2% MgSO4$7H2O and 7%
glucose) for lipid production.

S. cerevisiae BY4389 (MATa, ole1D::LEU2, ura3-52, his4) strain was obtained from
the National Bioresource Project-Yeast (NBRP-Yeast) at Osaka University, Japan.
S. cerevisiae BY4389 strain was grown in YM broth or on the YM agar plates with a
supply of 1% oleic acid (v/v) and 0.5% Tween 20 (v/v) for routine maintenance.
S. cerevisiae transformants carrying pYES plasmid were grown in synthetic complete
medium lacking uracil (SC-Ura) supplemented with 1% oleic acid and 2% glucose, or
medium without oleic acid, 2% raffinose and 0.5% galactose was used for the
induction of a target gene in the complementary experiment. Escherichia coli DH5a
was used for all cloning procedures.

Plasmid construction The construction of an expression cassette for target
gene overexpression was done as described (45). Target genes of the expression
cassette were amplified by PCR using KOD-Plus-NEO DNA polymerase (Toyobo,
Osaka, Japan). The fragment of ScOLE1 gene for constructing the R. toruloides
expression cassette was amplified with the primers ScOLE1-BamHI-F and ScOLE1-
NdeI-R, and the ORF and genomic sequence of RtD9FAD gene from R. toruloides
NP11 were also amplified with the primer pair NP11OLE1-BamHI-F and
NP11OLE1-NdeI-R for cassette construction (Table 1).

The prepared fragments were then used for plasmid construction to obtain the
expression cassette and resulted in plasmids that we named pPGPD-Shble-PGPD-
ScOLE1-TGPD, pPGPD-Shble-PGPD-RtD9FAD-TGPD and pPGPD-Shble-PGPD-RtgD9FAD-
TGPD individually (Fig. S1A). Likewise, for the complementary experiment in
S. cerevisiae BY4389, ScOLE1 gene, CDS and the genomic sequence of RtD9FAD gene
were amplified with the primer pairs ScOLE1-BamHI-F and ScOLE1-XbaI-R, and
NP11OLE1-BamHI-F and NP11OLE1-XbaI-R, respectively (Table 1), by PCR using
KOD-Plus-NEO DNA polymerase. Theywere then cloned into pYES2 vector under the
control of GAL1 promoter to obtain plasmids that we named pYES2-ScOLE1, pYES2-
RtD9FAD and pYES2-RtgD9FAD individually (Fig. S1B).

Transformation of yeast The transformation of R. toruloides stains was
conducted and modified by a lithium acetate-based method that has been
developed and applied in R. toruloides strains or Rhodosporidiobolus fluvialis
(21,45). Briefly, yeast cells were precultured for 16 h at 30�C in 5 mL of YM broth,
and then inoculated into 25 mL of YM broth and cultivated at 30�C with agitation
for 16 h. The grown yeast culture (OD600 nm ¼ 3.0) was harvested and
resuspended in 100 mL of transformation mixture (35% PEG-4000, 100 mM lithium
acetate, 10 mM TriseHCl at pH 4.9, and 1 mM EDTA) with a linear DNA fragment
and 10% DMSO (v/v). The transformation mixture was incubated without agitation
at 30�C for 3 h and treated by heat shock, then recovered by the addition of YM
broth. Finally, the cells were harvested and spread onto a YM agar plate
containing 150 mg/mL of Zeocin and incubated at 30�C to obtain colonies.

The S. cerevisiae BY4389 was transformed by a lithium acetate-based method
(46,47). All resulting transformants were named as shown in Table 2. The foreign
gene insertion was verified by PCR with the colony and extracted genome. The
primer pair used for confirming insertion of ScOLE1 gene was ScOLE1-BamHI-F and
ScOLE1-NdeI-R, and the inserted RtNP11 D9FAD gene was amplified by NP11OLE1-
BamHI-F and NP11OLE1-NdeI-R (Table 1).

Lipid staining Sudan IV (Wako, Osaka, Japan) stock solutionwas prepared at
the concentration of 2 mg/mL in isopropanol and stored protected from light for
later experimental use. Transformants were precultured in 5 mL of YM broth, and
the preculture was further cultured in 25 mL of YM broth for 2 days. The grown cells
were harvested and then resuspended in 25 mL of nitrogen-limited broth. After a 4-
day culture, 1 mL of cells was collected from the nitrogen-limited medium, washed
with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4), and resuspended in 200 mL of Sudan IV staining mixture (Sudan
IV stock solution:PBS:DMSO ¼ 10:9:1).

The samples were incubated in the dark at room temperature for 30 min, and
the cells collected by centrifugation were then washed twice with PBS. The washed
cell pellet was resuspended in 100 mL of 10% formaldehyde aqueous solution for a
30-min sample fixation. The fixed cells were collected and washed with PBS again
and then resuspended in 200 mL of PBS buffer. Fourmicroliters of the cells were then
placed on a glass slide for further microscopy observation. Microscopy images were
obtained with an Axioskop 2 microscope (Zeiss, Oberkochen, Germany).



TABLE 2. Strains used in the present study.

Strain Genotype/feature Source

BY4389 Saccharomyces cerevisiae strain NBRP ID BY4389 (MATa, ole1D::LEU2, ura3-52, his4) NBRP-Yeast collection
BY4389 þ vector BY4389/pYES2 empty vector This study
BY4389 þ ScOLE1 BY4389/pYES2-ScOLE1 plasmid This study
BY4389 þ RtD9FAD BY4389/pYES2-RtD9FAD plasmid This study
BY4389 þ gRtD9FAD BY4389/pYES2-RtgD9FAD plasmid This study
TK16 Rhodosporidium toruloides strain DMKU3-TK16 44
TK16 þ ScOLE1 TK16/PGPD-Shble-PGPD-ScOLE1-TGPD This study
TK16 þ RtD9FAD TK16/PGPD-Shble-PGPD-aCDS RtD9FAD-TGPD This study
TK16 þ gRtD9FAD TK16/PGPD-Shble-PGPD-genomic RtD9FAD-TGPD This study
NP11 Rhodosporidium toruloides strain NP11 ATCC collection
NP11 þ ScOLE1 NP11/PGPD-Shble-PGPD-ScOLE1-TGPD This study
NP11 þ RtD9FAD NP11/PGPD-Shble-PGPD-aCDS RtD9FAD -TGPD This study
NP11 þ gRtD9FAD NP11/PGPD-Shble-PGPD-genomic RtD9FAD-TGPD This study

a CDS, coding sequence.
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Lipid sample preparation and analysis bygas chromatography Transformants
were precultured in 5 mL of YM broth, and the preculture was cultivated in 25 mL of
YM broth with shaking at 140 rpm for 2 days for preparing enough cell amount rapidly.
The grown cells were harvested and resuspended in 25 mL of nitrogen-limited
broth and cultured for � 4 days. Grown yeast cells were then harvested, and total
cellular lipids were extracted and used for the preparation of fatty acid methyl esters
(FAMEs) by transmethylation by described modified methods (48). The resulted
FAMEs samples were analyzed by gas chromatograph (GC 353B, GL Sciences, Tokyo,
Japan) equipped with a TC-70 capillary column (0.25 mm ID � 60 m, film thickness
0.25 mm; GL Sciences) and a flame ionization detector (FID) method. We used a
commercially available FAMEs mix standard (Supelco, F.A.M.E. Mix C8eC24,
CRM18918, SigmaeAldrich, St. Louis, MO, USA) and methyl heptadecanoate (C17;
H0566, TCI, Tokyo, Japan) as the internal standard for the further FAME identification
and quantification.

For the GC analysis, 1 mL of hexane recovered sample was applied for the in-
jection. Heliumwas used as the carrier gas with the constant pressure at 20 kPa. The
column temperature for analyzing was set to start at 120�C (2 min) then increased
by 20�C/min up to 160�C (2 min), 6�C/min up to 190�C (1 min), and by 20�C/min
until the temperature reached the final stage at 220�C (2 min). The temperature of
the injector and the detector was 250�C. The quantitative analysis of the results was
performed using the ImageJ program to determine the detected response signal, and
all presented values are the means of three independent quantifications (49).

Real-time PCR analysis The RNA of the target transformants were extracted
by the phenol/chloroform method (50,51) and applied for cDNA synthesis by a
commercial kit (PrimeScript RT reagent Kit Perfect Real Time, Takara, Shiga,
Japan). The real-time PCR was performed by a SYBR Green-based system
(Thunderbird SYBR qPCR Mix, Toyobo) with the comparative CT (DDCT) method
FIG. 1. Phylogenetic tree of the evolutionary relationships of D9 fatty acid desaturase prote
protein homologues, with D12FADs (fatty acid desaturase) being an outgroup. The multi
neighbor-joining algorithm of MEGA7. Branch lengths are proportional to the phylogenetic d
bootstrap iterations.
for the relative expression analysis of RtD9FAD gene. URA3 gene was used as an
endogenous control to normalize and the wild-type group was set as the
reference for the NP11 transformants.

In the R. toruloides strain TK16, the URA3 gene was used as an endogenous
control (45) and the RtD9FAD group was set as the reference for the analysis of the
expression level in the transformants. The NP11 URA3 gene (XM_016415986) was
amplified with the primer pair RtNP11-URA3qPCR-F and RtNP11-URA3qPCR-R as
the endogenous control, and the TK16 URA3 was amplified with the primer pair
RtTK16-URA3qPCR-F and RtTK16-URA3qPCR-R for the same purpose. The expres-
sion of target RtD9FAD gene was defined with the primer pair RtNP11-OLE1qPCR-F
and RtNP11-OLE1qPCR-R in all target samples (Table 1; Fig. S3).

RESULTS

Sequence analysis of R. toruloides NP11 D9-fatty acid
desaturase The amino acid sequence of putative R. toruloides
NP11D9FAD (RtD9FAD) (XP_016270987)was obtained from theNCBI
protein database (33). The putative RtD9FAD gene encodes a
polypeptide of 545 amino acids with a predicted molecular mass of
60.8 kDa (52,53). A characterized D9FAD from Cutaneotrichosporon
curvatus (CAA71449.1) was shown to share 64% similarity with
RtD9FAD (41). Herein, we analyzed the amino acid sequence of
RtD9FAD with several D9FAD homologous proteins, i.e., the
characterized ScD9FAD protein (AAA34826.1) (Figs. 1 and 2).
in orthologues. Molecular phylogeny shared by the characterized and deduced D9FAD
ple alignment was performed and the phylogenetic tree was constructed using the
istances, with the numbers representing the frequency which was replicated after 1000



FIG. 2. Protein sequence alignment and analysis of R. toruloides NP11 D9FAD. Identical residues are boxed in black, and the conservative areas are shaded in gray. Two hypothetical regions (OLE1 and Cyt-b5 region) are briefly classified
separately, with dashed underlining indicating the conservative histidine-involved domains.
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The relatedness shown by the phylogenetic tree in Fig. 1 illus-
trates the clear distinctions among yeast, fungal, and plant D9
desaturases and the further distinction from the outgroup yeast
D12 desaturases. In the phylogenetic tree, RtD9FAD was relatively
close to the characterized D9FAD from C. curvatus (CAA71449.1)
(41). The ScD9FAD was grouped with another characterized D9FAD
from Ogataea angusta (BAA11837.1), a yeast from the subphylum
Pezizomycotina (54). The alignment analysis compared FADs from
S. cerevisiae (55), Mortierella alpina (56), O. angusta (54), Tricho-
phyton equinum, and Ustilaginoidea virens (Fig. 2). The putative
RtD9FAD was divided into an OLE1 region (fatty acid desaturase
region) and a Cyt-b5 region (cytochrome b5-like Heme/Steroid
binding domain and nitrate reductase) according to previous
studies (38,57,58). These D9FADs shared two highly conserved
histidine sequences, HRXHHR and HNFHH (dashed underlining) in
the hypothetical OLE1 region that would be expected to be
responsible for the function of D9 fatty acid desaturase.

In addition, three domains with a conserved histidine residue
(dashed underlining) were observed in both the OLE1 and Cyt-b5
regions; these domains might also serve as the active area of
each region (59,60). The RtD9FAD protein was also predicted to
have four possible transmembrane domains (Fig. S2). RtD9FAD was
thus suggested to be a functional homologue of ScD9FAD.
FIG. 3. RtD9FAD restored the S. cerevisiae ole1 disruptant’s survival by the complementation
Spot assay of RtD9FAD complementing cell survival. Live/dead assay among the backgroun
vector, ScOLE1, RtD9FAD (CDS) and gRtD9FAD (genomic). The experiment was conducted on t
fatty acid composition in ScOLE1 or RtD9FAD overexpressing Scole1D. The peaks of POA and
ester standard and are indicated by arrows. IS: internal standard, heptadecanoic acid meth
Numbers are the occupied ratio in total lipid of each indicated fatty acid. C16:0, palmitic ac
values are the average of triplicate cultures. Error bar: SD.
The functional complementation of S. cerevisiae ole1
disruptant by RtD9FAD gene The D9FAD is generally known
to have the function of catalyzing the fatty acids PA (C16:0) and STA
(C18:0) to POA (C16:1) and OA (C18:1) respectively in mammals,
yeasts, and plants. To examine the function of RtD9FAD, we intro-
duced the D9FAD gene cloned from NP11 into the S. cerevisiae ole1
disruptant BY4389 (Scole1D) for a complementary test (Fig. 3A).
The Scole1D strain was incapable of surviving on the plate
without OA supplement (Fig. 3A, upper left), but the cell survival
was restored by the overexpression of ScOLE1 gene as a reference
strain under the galactose induction (Fig. 3A, upper right).
RtD9FAD gene was also overexpressed for complementation in
Scole1D following the introduction of the coding sequence (CDS)
or genomic sequence that was presented by RtD9FAD and
gRtD9FAD respectively. The genomic RtD9FAD sequence was
unable to save the OA deficiency-induced cell death. Contrarily,
the CDS RtD9FAD expression restored the cell survival and
showed an even better growth effect compared with the
reference group (ScOLE1).

We also investigated the fatty acid composition of extracted
lipid from each strain (Fig. 3B). Without OA, the empty vector
pYES2-transformed Scole1D could not grow in YM broth (data not
shown). As the reference, Scole1D carrying pYES2-ScOLE1 grew and
showed the regained production of POA and OA. Likewise, the
of palmitoleic acid (POA; C16:1) and oleic acid (OA; C18:1) and oleic acid synthesis. (A)
d of Scole1D strain BY4389, comparing the function of overexpressing pYES2 empty
he SC-Ura mediumwith or without OA supplement. (B) Gas chromatography analysis of
OA were identified by a comparison with the commercially available fatty acid methyl
yl ester (C17). (C) Quantitative measurement of fatty acid profile in percent fraction.
id, PA; C16:1, palmitoleic acid, POA; C18:0, stearic acid, STA; C18:1, oleic acid, OA. The



VOL. 127, 2019 OVEREXPRESSION OF D9FAD IN R. TORULOIDES 435
RtD9FAD expression also restored POA production and significantly
enhanced the OA accumulation. Quantitatively, the production of
PA was not significantly affected in the RtD9FAD transformant, but
the POA level (4.4%) was 2.3-fold less than the reference (10.2%)
(Fig. 3C). The proportion of STAwas 20.9% along with an OA ratio at
25.2%, which was greater than the OA level from the reference.
These results demonstrated the PA and STA converting function of
RtD9FAD and also revealed the different substrate preference from
each applied D9FAD in the S. cerevisiae host background.

Introduction of ScOLE1 and RtD9FAD gene increased lipid
production in R. toruloides strains In order to produce an
OA-enriched lipid with higher lipid productivity, we then
introduced ScOLE1 gene, and both the CDS and the genomic
sequence of RtD9FAD genes into R. toruloides strains NP11 and
TK16. The growth effect of gene insertion was examined at the
lipid accumulating condition, and most of the cell growth was
not affected (Fig. 4A).

To identify the optimal period of desired lipid production, we
inspected the lipid production in a time-dependent experiment
(Fig. 4B). With both the TK16 and NP11 background, the ScOLE1
and gRtD9FAD transformants (TK16 þ ScOLE1, TK16 þ gRtD9FAD,
NP11 þ ScOLE1, and NP11 þ gRtD9FAD) began to show increased
lipid production since cultivation started in the nitrogen-limited
environment for lipid accumulation after 24 h. We also
observed that the stationary period of lipid accumulation started
about at 96 h and reached the maximal amount at 120 h after the
initiation of lipid accumulation in both R. toruloides backgrounds,
and thereafter a slight decline of the lipid amount was also
observed at 144 h.

Compared to the wild type, the TK16 þ ScOLE1,
TK16 þ gRtD9FAD, NP11 þ ScOLE1, and NP11 þ gRtD9FAD showed
approximately threefold lipid increases. The lipid productivity
(mg/mg) at each time point was determined, and the probable
period of lipid production was obtained with the highest efficiency
at 96e120 h in transformants (Fig. 4C). All transformants were also
directly observed by microscopy with lipid staining (Fig. 4D,E).
Yeast cells were collected at 0 and 120 h, and apparent lipid
droplets could be seen after 120 h of lipid accumulation. The
TK16 þ ScOLE1, TK16 þ gRtD9FAD, NP11 þ ScOLE1, and
NP11 þ gRtD9FAD displayed larger lipid droplets than the TK16, the
NP11, TK16 þ RtD9FAD, and NP11 þ RtD9FAD, and we observed
different appearances of the lipid droplets (separated small drop-
lets distributed around the cell) from TK16 þ RtD9FAD and
NP11 þ RtD9FAD compared to the others (condensed large drop-
lets). Taking these results together, we chose 120-h cultivation for
lipid accumulation in the subsequent experiments.

ScOLE1 gene expression significantly increased the OA
content in lipids The ultimate goal of this study was the pro-
duction of lipid with enhanced OA content, and we therefore
examined the fatty acid composition of the transformants towards
our purpose (Fig. 5A). The results of our fatty acid analysis showed
that the lipid produced in the TK16þ ScOLE1 contained OA at 72% of
the total lipid, which was higher than the ratios produced in other
yeast-originated lipids. The TK16 þ gRtD9FAD was able to produce
lipid with the OA ratio of 62% of the total lipid, but a similar effect
was not observed in the TK16 þ RtD9FAD. The ScOLE1 gene
expression was also determined from transformants by PCR (Fig.
S4).

Compared to the wild-type TK16, the OA content was enhanced
by 40% in the TK16þ ScOLE1 and 20% in the TK16þ gRtD9FAD. With
the NP11 background, the NP11þ ScOLE1 also produced lipid at 57%
OA compared to wild type, reaching approximately 18% enhance-
ment, but the effect was not significant in the NP11þ gRtD9FAD. We
also found that the TK16 þ RtD9FAD and NP11 þ RtD9FAD did not
clearly enhance the produced lipid amount or OA content.
Combining the enhanced lipid-producing ability and OA level, the
ScOLE1 and gRtD9FAD transformants of both the NP11 and TK16
strains furnished higher lipid and OA production. Particularly, the
TK16 þ ScOLE1 was able to produce lipid with a threefold total
amount and fivefold increase in the OA content for the efficient
production of OA-enriched lipid at the desired level (Fig. 5B).

The expression level of RtD9FAD gene in the R. toruloides
transformants Considering that using the CDS and the
genomic sequence of RtD9FAD gene resulted in notably different
effects on lipid production, we conducted a qPCR to investigate
whether the level of transcription contributed to these effects
(Fig. 6). The genomic sequence conferred a higher transcriptional
level among the wild-type and CDS transformants. A nearly
threefold higher level was detected in the TK16 þ gRtD9FAD
against the CDS-introduced group, and approximately treefold
and twofold higher levels were detected in the NP11
transformants compared to the wild-type and CDS transformants.
A similar result was obtained with a different primer pair at the
5’ end of the target sequence (data not shown). These results
indicated that the genomic sequence did provide a relatively
higher transcriptional level, and that this might thence lead to
the distinct enhancing effect on lipid production.

DISCUSSIONS

Renewable oil (or so-called lipid) sources are highly expected to
replace the present oil mining system. Oleaginous yeast was re-
ported to be able to obtain dry biomass by 100 g/L with 7-day
culture which resulting about 65 g/L of lipid production that
would meet an industrial requiring level (61). While the cost is still
a considerable issue. The cost of lipid production from oleaginous
yeasts was estimated to contain up to 80% by the using of glucose as
a main substrate feedstock so far (62). Combining the
manufacturing process and substrate supplement, the price was
estimated to be around $8e9/kg, and the plant-derived lipid might
cost less than $1.5e3/kg (63). A recent work conducted microbial
lipid recovery by acid treatment has achieved estimated minimum
fuel selling price (MFSP) about $5/gallon of gasoline equivalent
(GGE) to meet a reduced and applicable price (64). Another trial
produced an microbial biodiesel ($ 0.76/L) by means of a pilot scale
fed-batch strategy with low-cost medium which is economically
comparable to the plant-derived product ($ 0.81/L) (65,66). Utili-
zation of cheaper substrates such like industrial by-product the
crude glycerol or waste lignocellulose may further reduce the cost
of producing process. These studies have shown the possibility to
use oleaginous yeast platform for renewable lipid production in
practice.

High OA plant-derived lipid have better applicability with
preferable stability and less air pollutants, and the low melting
point of OA methyl ester maintains its capability in the cold en-
vironments (1,2,4). An increased OA content was observed to
enhance engine performance in soybean oil-derived biodiesel
(3). The intensive cropping of oil plants has environmental in-
fluences, and lipid-rich algae are considered another conductive
option that involves less pressure from the requirements of
renewable oil sources, but the use of lipid-rich algae is also
limited by light and water demands and the high cost of oil re-
covery (67e71). Oleaginous yeasts provide an effective platform
without requiring similar restrictions on the process of produc-
tion, and a feasible system of genetic engineering could provide
designable products. We aimed to produce OA-enriched lipid
from the oleaginous yeast R. toruloides by an overexpression of
ScOLE1 and RtD9FAD genes.

Some studies of Y. lipolytica and R. toruloides have applied
endogenous D9FAD homologues in the course of lipid production



FIG. 4. Effects of ScOLE1 and RtD9FAD gene overexpression on the growth of and lipid production by R. toruloides. (A) Growth effects of ScOLE1 and RtD9FAD gene insertion on R. toruloides strains during lipid accumulating condition. The
growth of the transformants compared with each wild-type strain was mostly equivalent. Cell density was determined by absorbance OD600 nm. (B) Time-dependent examination of lipid production and comparison among the wild type
and transformants. (C) Corresponding lipid productivity at each observed time point. The presented values are the average of triplicate cultures. Error bars: SD. (D, E) Lipid droplet observation in wild-type TK16, NP11, and their
transformants by microscopy. The lipid droplets were stained by Sudan IV, and the cells were observed at 0 and 122 h from a bright field. Scale bar: 10 mm. WT, wild type.
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FIG. 5. ScOLE1 and RtD9FAD gene overexpression in the R. toruloides resultant lipid and oleic acid production. (A) Fatty acid composition of all strains measured quantitatively from
122-h culture. The fatty acid profile is presented as the percent fraction for each indicated fatty acid. C14:0, myristic acid, MA; C16:0, palmitic acid, PA; C16:1, palmitoleic acid, POA;
C18:0, stearic acid, STA; C18:1, oleic acid, OA; C18:2, linoleic acid, LA; C18:3, linolenic acid, LNA. (B) Lipid content with OA in the percent fraction from 122-h culture. Closed bars with
numbers, the OA occupied ratio in the final output lipid. TK16, wild-type TK16. NP11, wild-type NP11. The presented values are the average of triplicate cultures. Error bars: SD.

FIG. 6. Investigation of the RtD9FAD gene expression level in transformants. The mRNA expression level was normalized with URA3 expression, which was used as the internal
standard. In the TK16 strain, one of the RtD9FAD CDS transformants was selected for reference. With the NP11 background, the wild type strain (NP11) was selected for reference.
Each number indicates an independent clone. ND, non-detected. The presented values are the average of triplicate cultures. Error bars: SD.
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and enhanced the lipid amount. However, most of those effort did
not significantly improve the OA level or further discuss the func-
tion of oleaginous D9FAD gene (27,28,42,43). Zhang et al. (42)
overexpressed native SCD gene in R. toruloides IFO0880 to in-
crease the lipid production by 28% of total lipid (g/L), which was
described as a limited enhancement. Here, we analyzed the gene
itself and used the CDS and the genomic sequence individually for
the comparison. Consequently, threefold increased lipid production
was obtained with enhanced OA content.

Several histidine domains were identified in the RtD9FAD pro-
tein sequence and are speculated to be the active sites (Figs. 1 and
2). The RtD9FAD gene complemented the production of POA and OA
and restored the survival of Scole1D without OA supplementation
(Fig. 3A). Interestingly, the efficiency of OA production was higher
than that of POA in RtD9FAD transformed Scole1D, which was found
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to be different from the ScOLE1 transformant (Fig. 3B,C). This result
indicated that the substrate preference of D9FAD might be strongly
related to the gene origin. Such phenomena of distinct substrate
preferences among D9FADs were observed from D9FAD isomers in
different models, i.e., the mouse SCD1-4 and M. alpina ole1p, ole2p
and D9e3 (59,72e74).

After our functional examination, we then introduced ScOLE1
and RtD9FAD genes into the R. toruloides TK16 and NP11 strains to
obtain the production of OA-enriched lipid. Unexpectedly, the
ScOLE1 gene (which is rarely discussed when enhancing lipid
production is considered) drove the R. toruloides transformants to
give higher lipid amounts compared to the wild type (Fig. 4B). The
genomic sequence of RtD9FAD gene also provided an enhancing
effect on lipid production, but this effect was not clearly observed
when a CDS fragment was used as the expression target (Fig. 4B).
Although some D9FADs are known to be related to the obesity in
mammal models or to lipid production in yeasts, the exact mech-
anism underlying their enhancement of yeast lipid production is
still not fully understood (26e28,42,43,75,76).

In the present study’s microscopic observations, the ScOLE1 and
gRtD9FAD gene transformants displayed larger lipid droplets
(Fig. 4D,E). The phenomena of D9FAD overexpression in oleaginous
yeasts thus increasing lipid accumulation have been observed and
possiblemechanisms have recently been proposed (29,31,33,42). As
previous studies revealed, D9FAD has shown a strong relationship
with stability of the cellular membrane by contributing the mem-
brane fluidity (77e82). In addition, a research on human SCD
revealed its role in the conversion of MUFAs toward the safe storage
of fatty acids, thus protecting the cell from damage from saturated
fatty acids (83). We propose that a probable mechanism is as fol-
lows: the enhanced membrane integrity and incorporation capa-
bility of a lipid droplet itself by D9FAD overexpression might also
allow higher lipid accumulation beyond the natural limitation.

We also analyzed the lipid from the ScOLE1 and gRtD9FAD gene
transformants of the R. toruloides strains to increase the under-
standing of the fatty acid composition (Fig. 5A,B). The results of our
analyses demonstrated that the ScOLE1 transformants produced OA-
enriched lipid with higher OA ratios than the other groups. Sincewe
did not disrupt the fatty acid desaturase 2 (FAD2) gene which is
responsible for double bond formation on D12 carbon, the linoleic
acid (LA; C18:2) amount increased along with the OA reduction
during longer cultivation periods, and the high-OA lipid could be
obtained at the time point before LA was highly synthesized with
the current culture conditions. We are continuing to investigate the
function of RtFAD2 gene and the effects on the host itself.

Interestingly, we also observed that the ScOLE1 in the
R. toruloides background seemed to have less effect on POA syn-
thesis, which may indicate an effect of substrate abundance
(Figs. 3B and 5A). Studies of ScOle1p identified the multiple factors
that could regulate OLE1 gene expression, revealing that the regu-
lation of OLE1 gene or Ole1p may not be easily assumed with a
single factor (84). Accordingly, it may be suggested that the OA
production in the gRtD9FAD transformants is regulated by an
endogenous homeostasis system of fatty acid composition control,
which has not been characterized well in R. toruloides. But this ef-
fect may less affected the heterologous ScOLE1 gene. However,
there is no clear evidence of this to date.

Our application of the CDS and the genomic sequence of
RtD9FAD gene in R. toruloides led to a significant discrepancy in lipid
production. Although we have determined the resulting influence
on the transcriptional level, the reasons underlying such a differ-
ence between each sequence remain unclear (Fig. 6). In eukaryotic
systems, intronic factors can dramatically affect the gene expres-
sion in various ways. An intron can mediate the gene expression by
providing DNA accessibility, enhancing the initiation and activity of
RNA polymerase II, or even regulating pre-mRNA processing,
splicing, mRNA localization, and downstream RNA metabolism and
alter the protein association in the post-splicing stage (85,86). The
D9FAD gene of the industrial strainM. alpinawas found to have one
intron, but its intronic effect has not been described (56), and such
factor has never been studied in R. toruloides D9FAD.

With the present R. toruloides background, we examined the
region-specific mRNA stability by qRT-PCR with the 50- and 30-re-
gion specific primer pairs, but the results obtained were not clearly
different. Therefore, the resulting change in the expression level
seems not be directly derived from distinct mRNA stability.
Therefore, an enzymatic assay may be also helpful to understand
the effect that the intronic elements have dedicated on the protein
activity. Due to the lack of similar studies, it is apparent that a more
extensive understanding of how genomic and intronic elements are
involved in gene expression is necessary for the further genetic
manipulation of the R. toruloides platform in the future.

Despite the benefits microorganisms have provided, their
genetically engineered strains perhaps will bring a distinct type of
impact on our environment which should be sincerely concerned.
Examples from genetically engineered microalgae revealed the
potential risk of releasing such resultant genetically-varied organ-
isms into the wild and effects will be barely estimated (87). Thus,
the use of genetically modified microorganisms for a mass pro-
duction of chemicals need to be carefully considered and treated.

In summary, we sought to obtain a high OA content lipid to
produce preferable biodiesel and lipid-related chemicals. In this
work, we performed an amino acid sequence analysis and exam-
ined the function of RtD9FAD gene as the candidate gene toward
OA-enriched lipid production. By applying ScOLE1 and RtD9FAD
genes in the oleaginous yeast R. toruloides, we achieved increased
lipid production with the desired OA content. We also observed an
interesting expression effect by introducing a genomic sequence
that could be an useful example for the future manipulation of
endogenous genes in R. toruloides.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2018.09.005.
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