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Marilyn G. Wiebe*

VTT Technical Research Centre of Finland Ltd., Espoo, Finland

Mitochondrial pyruvate dehydrogenase (PDH) is important in the production of lipids
in oleaginous yeast, but other yeast may bypass the mitochondria (PDH bypass),
converting pyruvate in the cytosol to acetaldehyde, then acetate and acetyl CoA which
is further converted to lipids. Using a metabolic model based on the oleaginous yeast
Yarrowia lipolytica, we found that introduction of this bypass to an oleaginous yeast
should result in enhanced yield of triacylglycerol (TAG) on substrate. Trichosporon
oleaginosus (formerly Cryptococcus curvatus) is an oleaginous yeast which can produce
TAGs from both glucose and xylose. Based on the sequenced genome, it lacks at least
one of the enzymes needed to complete the PDH bypass, acetaldehyde dehydrogenase
(ALD), and may also be deficient in pyruvate decarboxylase and acetyl-CoA synthetase
under production conditions. We introduced these genes to T. oleaginosus in various
combinations and demonstrated that the yield of TAG on both glucose and xylose was
improved, particularly at high C/N ratio. Expression of a phospholipid:diacyltransferase
encoding gene in conjunction with the PDH bypass further enhanced lipid production.
The yield of TAG on xylose (0.27 g/g) in the engineered strain approached the
theoretical maximum yield of 0.289 g/g. Interestingly, TAG production was also
enhanced compared to the control in some strains which were given only part of the
bypass pathway, suggesting that these genes may contribute to alternative routes to
cytoplasmic acetyl CoA. The metabolic model indicated that the improved yield of TAG
on substrate in the PDH bypass was dependent on the production of NADPH by ALD.
NADPH for lipid synthesis is otherwise primarily supplied by the pentose phosphate
pathway (PPP). This would contribute to the greater improvement of TAG production
from xylose compared to that observed from glucose when the PDH bypass was
introduced, since xylose enters metabolism through the non-oxidative part of the PPP.
Yield of TAG from xylose in the engineered strains (0.21–0.27 g/g) was comparable to
that obtained from glucose and the highest so far reported for lipid or TAG production
from xylose.

Keywords: triacylglycerol, lipid production, Trichosporon oleaginosus, yeast, enhanced yield, Cryptococcus
curvatus, pyruvate dehydrogenase bypass
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INTRODUCTION

Biofuels such as biodiesel continue to be favorites as renewable
transportation fuels, since their use requires little modification to
current engines. Biodiesel and renewable diesel can be produced
from renewable biological sources such as vegetable oils and
animal fats. They are biodegradable, non-toxic, and have a low
emission profile. Due to the increased demand for biodiesel and
the limited and/or undesirable sources of biodiesel raw materials
such as rape seed oil, soy bean oil, or palm oil, it is of importance
to expand biodiesel raw materials to non-food materials like
microbes. The benefits of using microbes for production of oils
are that they are affected neither by seasons nor by climates,
they are able to produce high lipid contents, and the oils can be
produced from a wide variety of sources with short production
times (Adrio, 2017). Here we show how triacylglycerol (TAG)
yield in the oleaginous yeast Trichosporon oleaginosus (formerly
Cryptococcus curvatus) can be improved by modifying central
metabolic pathways.

A few fungal species accumulate remarkable amounts of
lipid in the cells, the majority of which is TAG. It has been
observed that lipids accumulate in these oleaginous fungi under
nitrogen limited conditions, leading to the following hypothesis
as to why lipid accumulation occurs (Ratledge and Wynn,
2002). Nitrogen limitation causes activation of an adenosine
monophosphate (AMP) deaminase, which utilizes AMP to
produce NH4. The decrease in AMP concentration inhibits the
activity of mitochondrial isocitrate dehydrogenase (IDH), which
is part of the mitochondrial tricarboxylic acid (TCA) cycle.
Decrease in IDH activity results in citrate accumulation. Excess
citrate is transferred to the cytosol where ATP:citrate lyase (ACL)
activity converts it and coenzyme A (CoA) to acetyl-CoA and
oxaloacetate, with ATP hydrolysis (Figure 1).

Cytosolic acetyl-CoA can be used in fatty acid synthesis
(Tehlivets et al., 1997), resulting in palmitoyl-acyl carrier
protein (ACP; C16:0). Palmitic acid and other intermediates
of fatty acid synthesis, after hydrolysis to acyl-CoAs by a
hydrolase or thioesterase, can be further modified by various
elongases and desaturases to acyl-chains of different lengths,
with or without double bonds. In one cycle of fatty acid
synthesis, two NADPHs are required in the reduction steps.
These acyl-CoAs may also be incorporated to TAGs. In the
last step of TAG synthesis, diacylglycerol is acylated to TAG,
mainly by acyl-CoA:diacylglycerol acyltransferase (DGAT) and
phospholipid:diacylglycerol acyltransferase (PDAT), utilizing
acyl-CoA or phosphatidylcholine, respectively, as acyl donors
(Sorger and Daum, 2003).

In oleaginous microbes, the lipid precursor, cytosolic acetyl-
CoA, is produced via the above-mentioned mitochondrial
pyruvate dehydrogenase (PDH) pathway (Figure 1). However,
in non-oleaginous yeast like Saccharomyces cerevisiae, cytosolic
acetyl-CoA is produced via the PDH bypass (Figure 1). In
the PDH bypass, the enzymes pyruvate decarboxylase (PDC),
acetaldehyde dehydrogenase (ALD), and acetyl-CoA synthetase
(ACS) have essential roles in cytosolic acetyl-CoA and lipid
production (Table 1), as well as in the generation of reducing
equivalents (NADH and NADPH; Flikweert et al., 1996; Pronk

FIGURE 1 | PDH (black arrows) and PDH bypass (red arrows) pathways to
cytosolic acetyl-CoA. PDH and TCA reactions occur within the mitochondria.
Relevant enzymes: pyruvate dehydrogenase (PDH), pyruvate decarboxylase
(PDC), alcohol dehydrogenase (ADH), acetaldehyde dehydrogenase (ALD),
acetyl-CoA synthetase (ACS), ATP:citrate lyase (ACL),
phospholipid:diacylglycerol acyltransferase (PDAT), malate dehydrogenase
(MDH), and malic enzyme (MAE). Metabolites are shown in green, and
cofactors and CO2 are shown in blue. Genes which were introduced to
T. oleaginosus are indicated in red.

et al., 1996; Saint-Prix et al., 2004). The regulation and attainable
lipid yield of these two pathways differ, particularly in the
response to nitrogen limitation (which is important in initiating
acetyl-CoA accumulation in the mitochondrial path, but not in
the PDH bypass) and in the generation of reducing equivalents
(van Rossum et al., 2016; Xu et al., 2016). A comparison of the
stoichiometry of these pathways in S. cerevisiae showed that the
attainable lipid yield through the PDH bypass is higher than that
delivered through the PDH pathway (van Rossum et al., 2016).
Thus, introducing a PDH bypass to an oleaginous yeast lacking
this pathway could improve the yield of lipid from carbohydrate.

Here we demonstrate that introducing the PDH bypass route
for producing cytosolic acetyl-CoA to the oleaginous yeast
T. oleaginosus resulted in an increase in the yield of TAG
on glucose or xylose, as also predicted in metabolic model
simulations. We also showed that expression of a PDAT encoding
gene in conjunction with the PDH bypass further enhanced lipid
production. With these modifications, we enhanced TAG yield on
both biomass and on carbohydrate by about 30% compared to the
control, particularly when xylose was provided as substrate.

MATERIALS AND METHODS

Strains, Media, and Growth Conditions
Escherichia coli Top10 (Thermo Fisher Scientific Inc., Waltham,
MA, United States) was used for all cloning purposes throughout
this study and maintained on LB medium with ampicillin
(100 µg/ml) at 37◦C. T. oleaginosus (formerly C. curvatus)
ATCC20509 was used as a host for genetic engineering. Genes
required for the PDH bypass and PDAT, as described in Table 1,
were introduced individually and in combination with other
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genes for the bypass to generate the strains described in Table 2.
Genes (PDC1, ACS2, and ALD6) were added singly as well as in
combination in order to assess whether the PDH bypass genes
could have effects independent of the complete pathway. Data for
strains with single gene additions are presented in Supplementary
Tables S1–S3. All T. oleaginosus strains were maintained on yeast
extract (10 g/l), peptone (20 g/l) plus glucose (YPD) or xylose
(YPX) with agar (20 g/l) at 30◦C.

Cultivation medium (pH 5.5) in flask cultivations with initial
C/N ratio 20 contained 20 g xylose, 0.3 g (NH4)2SO4, 7.0 g
KH2PO4, 2.5 g Na2HPO4·H2O, 1.5 g MgSO4·7H2O, 4.0 g yeast
extract, 51 mg CaCl2, 8 mg FeCl3·6 H2O, and 0.1 mg ZnSO4·H2O
per liter. The same concentrations of yeast extract and mineral
salts with 30 g/l glucose resulted in a C/N ratio of 28. Cultivation
medium with initial C/N ratio 65 was similar to the C/N 20
medium except that the concentration of yeast extract was
reduced to 0.6 g/l with 20 g/l glucose or xylose. The cultivation
medium with C/N ratio 103 contained 0.15 g (NH4)2SO4 and
0.45 g yeast extract per liter as nitrogen source, with 20 g/l
glucose or xylose. In some cultures, the glucose concentration
was increased to 30 g/l, resulting in an initial C/N ratio of 153.
Each flask (50 ml medium in 250 ml flasks) was inoculated
to an OD600 of 0.3 with cells grown on YPD or YPX plates.
The cultivations were maintained at a temperature of 30◦C with

shaking at 250 rpm. Samples were analyzed for cell dry weight
(CDW), lipid and TAG content, and residual carbohydrate (by
HPLC).

In bioreactor cultivations, transformants and wild type
T. oleaginosus were cultivated in Multifors bioreactors (max.
working volume 500 ml, Infors HT, Switzerland) at pH 4.0, 30◦C,
in 500 ml medium (initial C/N ratio 70) containing 94 ± 0.4 g
glucose, 2.56 g (NH4)2SO4, 1.2 g KH2PO4, 0.3 g Na2HPO4
·2H2O, 1.5 g MgSO4·7H2O, 0.1 g CaCl2·6H2O, 5.26 mg citric
acid·H2O, 5.26 mg ZnSO4·7H2O, 0.1 mg MnSO4·4H2O, 0.5 mg
CoCl2·6H2O, 0.26 mg CuSO4·5H2O, 0.1 mg Na2MoO4·2H2O,
1.4 mg FeSO4·7H2O, 0.1 mg H3BO4, 0.05 mg D-biotin, 1.0 mg
Ca pantothenate, 5.0 mg nicotinic acid, 25 mg myoinositol,
1.0 mg thiamine·HCl, 1.0 mg pyridoxine·HCl, and 0.2 mg
p-aminobenzoic acid per liter. The pH was maintained constant
by addition of 1 M KOH or 1 M H2PO4. Cultures were agitated
at 1000 rpm (two Rushton turbine impellors) and aerated at
2 volumes air per volume culture per minute (vvm). Clerol
FBA 3107 antifoaming agent (Cognis, Saint-Fargeau-Ponthierry
Cedex France, 1 ml/l) was added to prevent foam accumulation.
Bioreactors were inoculated to initial OD600 of 0.5–4.0 with cells
grown in the same medium [substituting 1.5 g urea per liter for
(NH4)2SO4 and omitting the CaCl2·6H2O] in 50 ml volumes
in 250 ml flasks at 30◦C with shaking at 200 rpm for 24–42 h.

TABLE 1 | Genes overexpressed in this study.

Gene Gene name and database ID Source of gene Function

PDC1 Pyruvate decarboxylase
(SGD:S000004034)

Saccharomyces
cerevisiae

Catalyzes decarboxylation of pyruvate to acetaldehyde and carbon dioxide

ALD6 Acetaldehyde dehydrogenase
(SGD:S000005982)

Saccharomyces
cerevisiae

Catalyzes the oxidation of acetaldehyde to acetate, with the reduction of NADP+

to NADPH

ACS2 Acetyl-CoA synthetase (SGD:S000004143) Saccharomyces
cerevisiae

Catalyzes the formation of acetyl-CoA acetate and CoA, with hydrolysis of ATP

PDAT Phospholipid:diacylglycerol acyltransferase
(GenBank:RO3G_07851)

Rhizopus oryzae Catalyzes the transfer of an acyl group from a phospholipid to 1,2-diacylglycerol at
position sn-3

TABLE 2 | Plasmids and T. oleaginosus strains generated.

Strain Plasmids Genotype

PDC1 pKK101 TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t

ALD6 pKK81 TEF1p-Hph-TPI1t-ENO1p-ScALD6-TEF1t

ACS2 pKK86 TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t

PDAT pKK95 TEF1p-CerR-TPI1t-TPI1p-RoPDAT-GPD1t

ACS2, ALD6 pKK85 TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t-ENO1p-ScALD6-TEF1t

PDC1, ALD6 pKK101+pKK81 TEF1p-Hph-TPI1t-ENO1p-ScALD6-TEF1t- TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t

PDC1, ACS2 pKK101+pKK86 TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t- TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t

PDC1, PDAT pKK101+pKK95 TEF1p-CerR-TPI1t-TPI1p-RoPDAT-GPD1t- TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t

ALD6, PDAT pKK81+pKK95 TEF1p-Hph-TPI1t-ENO1p-ScALD6-TEF1t- TEF1p-CerR-TPI1t-TPI1p-RoPDAT-GPD1t

PDC1, ALD6, ACS2 pKK101+pKK85 TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t: TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t-ENO1p-ScALD6-TEF1t

PDC1, ALD6, PDAT pKK101+pKK81+pKK95 TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t: TEF1p-Hph-TPI1t-ENO1p-ScALD6-TEF1t-
TEF1p-CerR-TPI1t-TPI1p-RoPDAT-GPD1t

ALD6, ACS2, PDAT pKK85+pKK95 TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t-ENO1p-ScALD6-TEF1t-TEF1p-CerR-TPI1t-TPI1p-RoPDAT-
GPD1t

PDC1, ALD6, ACS2, PDAT pKK101+pKK85+pKK95 TEF1p-G418-TPI1t-TPIp-ScPDC1-TEF1t: TEF1p-Hph-TPI1t-TPI1p-ScACS2-ENO1t-ENO1p-ScALD6-
TEF1t-TEF1p-CerR-TPI1t-TPI1p-RoPDAT-GPD1t
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Samples for CDW measurement, lipid extraction, and HPLC
analysis were withdrawn periodically during cultivation. CDW
was determined by centrifuging 0.5–2.0 ml culture broth in pre-
dried, pre-weighed 2 ml microfuge tubes. After washing twice
with 1.8 ml distilled water, the cell pellet was dried at 100◦C for
48 h and weighed after cooling in a desiccator.

In the cultivation with xylose, the medium contained
94 ± 0.6 g xylose per liter, instead of glucose. The xylose
cultivations were inoculated to initial OD600 of 17–24 with cells
grown in low nitrogen medium with glucose as carbon source in
the Multifors bioreactors at 30◦C.

HPLC Analytics
HPLC analyses for sugars were conducted with a Waters
2690 Separation Module and Water System Interfase Module
liquid chromatography coupled with a Waters 2414 differential
refractometer and Waters 2487 dual absorbance detector. The
liquid chromatography columns were a 100 mm × 7.8 mm Fast
Acid Analysis column from Bio-Rad and a 300 mm × 7.8 mm
Aminex HPX-87H column from Bio-Rad. The columns were
equilibrated with 2.5 mM H2SO4 in water at 55◦C and samples
were eluted with 2.5 mM H2SO4 in water at 0.5 ml/min flow rate.
Data acquisition was done using Waters Millennium software.

Gene Synthesis
Saccharomyces cerevisiae PDC1, ALD6, ACS2, and Rhizopus
oryzae PDAT genes (see descriptions in Table 1) were codon
optimized according to Ustilago maydis yeast codon usage and
synthetized by Thermo Fisher Scientific Inc. (Waltham, MA,
United States).

The E. coli hygromycin (hph) gene, that confers resistance to
hygromycin B, was polymerase chain reaction (PCR) amplified
from plasmid pRLMEX30 (Mach et al., 1994) DNA. The
E. coli G418 resistance gene was PCR amplified using plasmid
pPIC9K (Invitrogen, Thermo Fisher Scientific Inc., Waltham,
MA, United States) DNA as template. The S. cerevisiae cerulenin
resistance gene was PCR amplified using the cerulenin resistance
gene from plasmid pCR1 (Nakazawa et al., 1993) as template.

Plasmid Constructions
Polymerase chain reactions for cloning purposes were performed
with Dynazyme EXT DNA polymerase (Thermo Fisher
Scientific Inc., Waltham, MA, United States) according to
the manufacturer’s instructions. All primers used are listed
in Supplementary Table S4. PCR products were cloned into
pBluescript KS plasmid [Agilent (Stratagene), Santa Clara, CA,
United States] and after verification of the PCR products by
sequencing, they were released for subsequent cloning purposes
by digestion with suitable restriction endonucleases.

Genomic fragments containing T. oleaginosus promoter and
terminator regions were obtained by ligation-mediated PCR
amplification (Mueller and Wold, 1989). A mixture of a PCR
linker I and a PCR linker II was ligated to PvuII, SspI, or NruI
digested T. oleaginosus genomic DNA with T4 DNA ligase (New
England BioLabs). Samples of the ligation mixtures were used
as templates in the first PCR reaction, which contained a PCR
linker I primer and a gene-specific primer. A diluted sample of

this first PCR amplification was used as the template in a nested
PCR reaction containing a PCR Linker I primer and gene-specific
nested primer. Yeast gene-specific primers were degenerative
primers designed from a consensus sequence of the putative
genes of Ustilago maydis, Candida guilliermondii, and Candida
tropicalis.

Yeast Transformation
Plasmids were digested to release integration cassettes containing
marker gene and gene(s) to be expressed under endogenous
promoters and terminators as indicated in Table 2. T. oleaginosus
was cultivated overnight in 50 ml of YPD with 250 rpm shaking at
30◦C. When the culture OD600 reached 20, cells were centrifuged
at 3200 g for 4 min and the pellet was washed once with 5 ml of
ice-cold EB buffer (10 mM Tris-HCl, pH 7.5, 270 mM sucrose,
1 mM MgCl2). The pellet was re-suspended in 5 ml of IB buffer
(25 mM DTT, 20 mM Hepes, pH 8.0 in YPD) and incubated at
30◦C for 30 min with 250 rpm shaking. After incubation, cells
were harvested by centrifugation (3200 g, 5 min) and washed
once with 5 ml of EB buffer and re-suspended in 500 µl of
EB buffer; 400 µl of cell suspension was transferred into a
0.4 cm electroporation cuvette with 6 µg of DNA in 50 µl
of water or 10 mM Tris-HCl, pH 7.5. After samples had been
15 min on ice, electroporation was carried out with a Bio-Rad
(Hercules, CA, United States) Gene Pulser (1800 V, 1000 �,
25 µF). After electroporation, 1 ml YPD was added and samples
were incubated in 50 ml falcon tubes for 4 h at 30◦C with 250 rpm
shaking; 50–200 µl of suspension was plated on YPD-agar plates
containing G418 (200 µg/ml), hygromycin (100 µg/ml), or
cerulenin (2 µg/ml). Transformants were confirmed by PCR.

Lipid Extraction and Total Lipid and
Triglyceride Concentration
Measurements
The lipid extraction method was modified from the protocol of
Folch et al. (1957). Yeast cell culture (0.5–2 ml) was centrifuged in
a microcentrifuge tube (13,000 rpm, 1 min) and the supernatant
discarded. The pellet was placed rapidly in liquid nitrogen
and stored at −80◦C. The frozen pellet was suspended in
500 µl of ice-cold methanol with 0.1% BHT (2,6-di-tert-butyl-4-
methylphenol) and homogenized with a Mixer Mill homogenizer
with 5-mm zirconium oxide and 3-mm yttrium stabilized
zirconium oxide balls (Retsch GmbH, Germany) at 25 Hz for
5 min. After homogenizing in methanol, 1000 µl of chloroform
was added and the homogenization repeated, then 300 µl of
20 mM acetic acid was added, and the sample vortexed for 10 min.
The vortexed sample was centrifuged at 13,000 rpm for 5 min at
room temperature. The lower phase was recovered and 1000 µl of
chloroform was added to the remaining phase, vortexed, and re-
centrifuged. The lower phases were combined into pre-weighed
2 ml microfuge tubes, and dried, after which the total lipid
content of the sample was determined by gravimetry. Then the
lipid sample was re-dissolved in 1.5 ml of chloroform:methanol
(2:1)+ 0.1% BHT and stored at−20◦C.

For TAG analysis, 100–1500 µl of chloroform:methanol
extracted lipids was evaporated and re-dissolved in 200–1000 µl
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of isopropanol. TAGs were measured enzymatically from the
samples using the Konelab Triglycerides Kit (Thermo Fisher
Scientific Inc., Waltham, MA, United States) and a Cobas Mira
automated analyzer (Roche, Basel, Switzerland) or a microtiter-
plate reader (Varioskan, Thermo Fisher Scientific Inc., Waltham,
MA, United States).

Statistical Analysis
Results are given as mean ± standard error of the mean (SEM).
Comparisons were made by analysis of variance (ANOVA),
followed by Fisher’s multiple range test when the ANOVA
indicated significant differences. For direct comparison with the
control strain, a Student’s t-test was also used, as indicated in
the text. P-values less than 0.10 but greater than 0.05 were
considered to show slight differences between strains, although
not significant at p < 0.05.

Metabolic Model Simulations
The Yarrowia lipolytica genome scale metabolic model1 was used
to represent the metabolism of an oleaginous yeast which uses
the PDH route with ATP citrate lyase for lipid production, as
no curated metabolic model was available for T. oleaginosus.
A full PDH bypass was introduced to the model to simulate
the maximum theoretical TAG yield through the different
pathway options. An NADP+ dependent version of ALD was
also introduced. No simultaneous forward and reverse IDH flux
was allowed through NADP+ and NAD+ dependent isoforms.
Flux variability analysis (Burgard et al., 2001; Mahadevan and
Schilling, 2003) was performed with COBRApy2 with glpk v. 4.63
LP solver.

The conversion of molar yields to g/g was done by assuming
the FA composition of acyl-CoA in the model1, giving a molar
mass of 826.678 g/mol for TAG.

RESULTS

Model Simulation for the PDH Route and
PDH Bypass
Maximum attainable TAG yields through the PDH and the
PDH bypass routes were estimated from genome-scale metabolic
model simulations. In the model simulation, a maximum limit
for flux to the oxidative pentose phosphate pathway (PPP) was
set to 52.0% of glucose uptake, based on 13C flux analysis
of Y. lipolytica wild type strain MTYL037 (Wasylenko et al.,
2015). The PPP is the major source of NADPH in cells, for,
e.g., FA synthesis, and is also carbon-efficient. With the amount
of NADPH provided through the PPP limited, the metabolic
stoichiometry would allow glucose conversion to TAG through
the PDH and PDH bypass routes with yields 0.275 and 0.289 g/g,
respectively. However, TAG synthesis from glucose through
the PDH route relied on metabolite cycling in mitochondria,
with an unrealistically high flux through the malic enzyme.
Therefore, a constraint for the maximum flux through the malic

1https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5516929/
2https://www.ncbi.nlm.nih.gov/pubmed/23927696

enzyme of 41.5% of glucose uptake was introduced, based on
experimental evidence (Wasylenko et al., 2015). With this upper
bound for malic enzyme flux, the estimated attainable yields of
TAG from glucose through the PDH and PDH bypass routes
were 0.252 and 0.289 g/g (unchanged), respectively. Thus, the
genome-scale metabolic model simulations estimated that the
PDH bypass route would be more favorable for TAG synthesis
in an oleaginous yeast than the PDH route. The higher yield was
dependent on the ALD reaction in the PDH bypass, in which
NADPH is generated from NADP+.

Flask Cultivations on Glucose With C/N
Ratio 65
Transformants having S. cerevisiae ALD6 (5), S. cerevisiae
ACS2 (5) or both S. cerevisiae ALD6 and ACS2 (5), R. oryzae
PDAT (2), or S. cerevisiae ALD6 and ACS2 and R. oryzae
PDAT (2), and one transformant having S. cerevisiae ALD6
and R. oryzae PDAT were cultivated in flasks with 20 g/l
glucose at C/N ratio 65 (Figure 2 and Supplementary Table S1).
Individual transformants (the number of which is indicated
in parentheses above) were used as replicates when assessing
the ability of the new strains to produce TAG from glucose.
Since the strains were generated by random integration,
independent transformants may differ in the efficiency at which
the added genes were expressed, increasing the variation between
replicates. Wild type T. oleaginosus was cultivated as a control
(Figure 2).

The control strain and transformants having ALD6 and/or
ACS2 genes consumed glucose faster than the transformants
which had PDAT. The ACS2 strains, for which there were
several transformants, produced 3.6 ± 0.07 g/l TAG, which was
significantly (p < 0.05, t-test) more than produced by the control
(3.4 ± 0.04 g/l). All other transformants produced similar or less
TAG than the parent (Figure 2). The TAG yield per biomass
(YTAG/x) at the end of the cultivation was highest (p < 0.05) in
transformants havingALD6,ACS2, and PDAT genes (58.8± 3.2%
TAG, Figure 2) and in transformants with ACS2 (52.6 ± 1.5%;
Supplementary Table S1). The control strain produced only
47.5 ± 1.1% YTAG/x and other transformants less (Figure 2).
Strains having ALD6, ACS2, and PDAT achieved 20.5 ± 1.9%
yield per gram glucose consumed (YTAG/S). The YTAG/S for
the ACS2 transformants (20.1 ± 0.37%) was significantly higher
(p< 0.05, t-test) than the control strain (19.1± 0.2%), suggesting
that more replicates would have shown the benefit in the ALD6,
ACS2, and PDAT transformants also.

Flask Cultivations on Glucose at C/N
Ratio 103
In the flask cultivation on glucose at C/N ratio 103, the control
strain and the transformants which had ACS2 alone consumed
glucose faster than the other strains: after 59 h, there was less than
0.2 g/l residual glucose for these strains and all glucose had been
consumed after 64 h, whereas the other strains still had 0.2–2.6 g/l
residual glucose at 64 h (Figure 3 and Supplementary Table S2).

All strains produced more TAG at higher yields (YTAG/x and
YTAG/S) at C/N ratio 103 than at C/N ratio 65 on glucose.
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FIGURE 2 | Glucose consumption (A) and TAG production [titer (B) and yields YTAG/x (C) and YTAG/glucose (D)] from glucose at C/N ratio 65 in flask cultivation. Error
bars present ± SEM and if not visible are smaller than the symbol.

The TAG production was highest with the strains having ALD6,
ACS2, and PDAT (4.3 ± 0.1 g/l), as in the cultivation at
C/N ratio 65, which was slightly higher (p < 0.10) than TAG
produced by the control strain (4.0 ± 0.0 g/l TAG). The PDAT
transformants also produced slightly more TAG (4.2 ± 0.2 g/l;
p < 0.10, Supplementary Table S2) than the control, while other
transformants produced around 4.0 g/l TAG, like the control
(Figure 3 and Supplementary Table S2).

At the end of the cultivation (84 h), the highest TAG
yield per biomass was detected in transformants having PDAT

(67.6± 5.3%), although this did not differ significantly (p> 0.10)
from the YTAG/x of other transformants (56.1–66.0%) or the
control strain (63.5 ± 3.4%). At C/N 103, the variation in TAG
accumulation between transformants with the same genotype
was more variable than was observed at C/N 65. The yield of
TAG on glucose was highest (p < 0.10) with the transformants
which had all three genes, ALD6, ACS2, and PDAT (23.4± 0.5%),
as at C/N 65. The transformants with only PDAT added also
produced significantly more (p < 0.05, t-test) TAG per gram
glucose (23.0 ± 0.5%) than the control strain (21.8 ± 0.3%),

Frontiers in Microbiology | www.frontiersin.org 6 June 2018 | Volume 9 | Article 1337

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01337 June 19, 2018 Time: 17:9 # 7

Koivuranta et al. Enhanced Triacylglycerol Production in Trichosporon oleaginosus

FIGURE 3 | Glucose consumption (A) and TAG production [titer (B) and yields YTAG/x (C) and YTAG/glucose (D)] from glucose at C/N ratio 103 in flask cultivation.
Error bars present ± SEM and if not visible are smaller than the symbol.

whereas other transformants did not (p > 0.10, Supplementary
Table S2).

Flask Cultivations on Xylose at C/N Ratio
103
In the flask cultivation with xylose as carbon source and C/N
ratio 103, no strain had consumed all of the xylose within 70 h,
when the cultivations were stopped (Figure 4 and Supplementary
Table S3). Xylose consumption rates (0.16–0.24 g/l/h) were lower
than glucose consumption rates (0.24–0.28 g/l/h at 64 h). The
transformants with ACS2 had the lowest amount (2.7 ± 0.5 g/l)
and the ALD6 and PDAT transformants had the highest amount
of residual xylose (8.3 ± 0.7 g/l) at the end of the cultivation
(Figure 4 and Supplementary Table S3). The highest (p < 0.05)
TAG titer was achieved by the transformants having ALD6
(4.0 ± 0.1 g/l TAG) or ACS2 (3.9 ± 0.1 g/l). All transformants,
except those with ALD6 and PDAT (2.7 ± 0.1 g/l) and ALD6,
ACS2, and PDAT (3.4 ± 0.2 g/l, p < 0.06, t-test) produced
significantly (p < 0.05) more TAG (3.5–4.0 g/l) than the control
strain (2.9 ± 0.2 g/l TAG). YTAG/x and YTAG/S were highest

in the transformants with the ALD6 gene (75.9 ± 1.1 and
24.9 ± 0.6%, respectively, Supplementary Table S3). All other
transformants, except those with ALD6 and ACS2, also produced
significantly higher (p < 0.05) YTAG/S on xylose than the control
(20.3± 0.6%). The yield on biomass was highly variable and only
significantly higher than the control (63.8± 3.6%) at p < 0.10 for
the ALD6 transformant (Supplementary Table S3).

Flask Cultivation on Glucose With
Transformants Having the PDC1 Gene
Transformants having the S. cerevisiae PDC1 gene expressed in
different combinations with the S. cerevisiae ALD6, ACS2, and
R. oryzae PDAT genes were cultivated in flasks with 30 g/l glucose
and a C/N ratio of 28 or 153 (Table 3). TAG production was
assessed after 94 h cultivation, at which time all glucose was
expected to have been consumed (Figure 3). However, even at
C/N ratio 28, all strains still had residual glucose (2.4–6.1 g/l).
Variability between replicates was high and the TAG titer (4.7–
5.4 g/l) was similar (p > 0.10) in all strains, transformants, and
control. The highest yield on biomass was achieved with the
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FIGURE 4 | Xylose consumption (A) and TAG production [titer (B) and yields YTAG/x (C) and YTAG/xylose (D)] from xylose at C/N ratio 103 in flask cultivation. Error
bars present ± SEM and if not visible are smaller than the symbol.

strain having only PDC1 (60.7 ± 12.4%), whereas YTAG/x was
lowest for the control strain (50.2 ± 6.5). The yield on glucose
varied between 18.8 and 21.6% and was also highly variable
(Table 3).

At C/N ratio 153, there was 5.7–11.2 g/l glucose remaining
when the TAG was analyzed at 94 h (Table 3) and the effective
C/N was between 98 and 123. The TAG production was highest
with the PDC1, ALD6, ACS2 and PDC1, ALD6, ACS2, PDAT
transformants (4.5 g/l), but because of the variability between
replicates, this did not appear to be more TAG than the control

(3.14 ± 1.3, Table 3). TAG titers were comparable to those
observed at C/N103 when strains lacking the S. cerevisiae PDC1
gene were grown in 20 g/l glucose (Figure 3), but lower than
expected from the growth in C/N 28 (Table 3). The highest
YTAG/x was achieved with the PDC1, ALD6, PDAT strain
(62.6 ± 0.9%) which was slightly higher (p < 0.10) than with the
control strain (33.8± 13.6, Table 3). The YTAG/S was also highest
(p < 0.10) in the PDC1, ALD6, PDAT strain (23.3 ± 1.0%), but
other transformants also showed higher yield on glucose than the
control (Table 3).
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Flask Cultivation on Xylose With
Transformants With the PDC1 Gene
Transformants having the S. cerevisiae PDC1 gene expressed in
different combinations with the S. cerevisiae ALD6, ACS2 and
R. oryzae PDAT genes were cultivated in flasks with 20 g/l xylose
at C/N ratio 20 or 103 (Table 4). In contrast to the growth on
glucose, after 94 h at C/N ratio 20, all xylose had been consumed
by all strains. The control strain, PDC1 and PDC1, ALD6, ACS2
strains had consumed the xylose already within 70 h (data not
shown). TAG production after 94 h was similar (p > 0.10) for
all strains, including the control: 3.7–4.3 g/l TAG was produced
(Table 4). The highest yield on biomass was detected with
the strain expressing PDC1 (71.4 ± 6.2%, Table 4), as in the
cultivation with glucose (Table 3). The other strains, including
the control strain, had 58.5–66.8% YTAG/x, with the transformant
with PDC1 and PDAT containing less (p < 0.10) TAG per gram
biomass than the control and most productive strains. TAG yield
on xylose was highest in the PDC1 strain (20.4 ± 0.9), but there
were no significant differences between any strains (18.3–21.5%,
Table 4).

At C/N ratio 103, all strains, except PDC1, ALD6, and PDAT
(2.8 g/l) had utilized most of the xylose within 94 h (<0.6 g/l,
Table 4). TAG production was highest in the strains having
PDC1 and ACS2 or PDC1, ALD6, and ACS2 (4.9 ± 0.1 g/l TAG),
other transformants producing 4.3–4.8 g/l and the control strain
3.9 ± 0.8 g/l. The PDC1, ACS2 strain had the highest YTAG/x
(84.1 ± 4.01%), whereas the other transformants had 75–82%
YTAG/x (Table 4). The yield on xylose was higher (p < 0.10) with
the transformants compared to the control strain (Table 4). Yield
on xylose was the highest with the strain having PDC1, ALD6,
and PDAT (27.0 ± 1.2), other strains having YTAG/S of 25–26%
and the control only 20.7± 4.4% (Table 4).

Bioreactor Cultivation in Minimal
Medium at C/N Ratio 70
The transformants having ALD6, ACS2, and PDAT had high, but
variable, yield of TAG on both glucose and xylose and the best
transformant was selected for growth in bioreactor, along with
the transformant having ALD6 and PDAT, for which insufficient
replicates had been available in the glucose flask cultures. The
strains were grown in batch cultures, along with the control, with
glucose (94 ± 0.4 g/l) or xylose (94 ± 0.6 g/l) as carbon source
(Figures 5, 6). The control strain consumed all glucose within
78 h (1.4 g/l/h), whereas the transformant with ALD6 and PDAT
only within 91 h (1.2 g/l/h) and the strain having ALD6, ACS2,
and PDAT within 146 h (0.8 g/l/h). Although the transformants
were slower in glucose consumption than the control strain,
they produced slightly (p < 0.06) more TAG (Figure 5). The
ALD6, ACS2, and PDAT strain produced 20.0 ± 0.1 g/l TAG and
the ALD6 and PDAT strain 19.8 ± 0.9 g/l TAG, compared to
17.5± 0.8 g/l TAG in the control strain (Figure 5). There was no
significant difference (p > 0.10) in the yield of TAG on biomass,
although the transformant havingALD6 and PDAT (48.7± 1.8%)
contained slightly more TAG than the strain with ALD6, ACS2,
and PDAT (43.7 ± 0.0%) or the control strain (45.5 ± 2.0%).
However, both transformants had significantly (p < 0.05) higher
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yield of TAG on glucose (21.4 ± 0.1% and 21.3 ± 0.7%) than the
control (18.7± 0.9%, Figure 5).

The bioreactor cultivations in minimal xylose medium were
inoculated with high initial biomass, which resulted in fast xylose
consumption (Figure 6). The control strain and transformant
with ALD6 and PDAT consumed almost all of the xylose within
65 h (1.7 and 1.8 g/l/h xylose consumption rate, respectively)
and the transformant with ALD6, ACS2, and PDAT within 74 h
(1.6 g/l/h). Both transformants produced significantly (p < 0.05)
more TAG (18–19 g/l) at significantly (p < 0.05) higher yield (on
biomass and on xylose) than the control strain (14 g/l, Figure 6).
YTAG/x was 48.4 ± 1.7% and 49.0 ± 2.1% for the transformants,
but only 44.8 ± 1.8% for the control. YTAG/S was 20.8 ± 1.8%
and 20.2 ± 4.3% for the transformants, but 17.5 ± 0.1% for
the control. Interestingly, high yield on substrate was observed
within 40–49 h, when there was still substantial xylose (25–35 g/l
residual xylose, Figure 6) in the culture broth and the effective
C/N ratio would have been between 40 and 50.

DISCUSSION

We have established a PDH bypass in a xylose utilizing oleaginous
yeast for the first time by expressing PDC, ALD, and ACS
encoding genes. With the expression of the PDH bypass, our
aim was to enhance yeast TAG production compared to the
control strain of T. oleaginosus, which has only the native PDH
pathway with ACL to generate cytosolic acetyl-CoA. A PDH
bypass has previously only been expressed in the oleaginous yeast
Y. lipolytica, which does not utilize xylose (Xu et al., 2016). The
most common strategy for improving lipid production in yeast
has been overexpression of the existing, endogenous pathways,
with a strong focus on Y. lipolytica and Rhodosporidium
toruloides (Probst et al., 2016; Adrio, 2017). However, Xu et al.
(2016) reported that creating a PDH bypass in Y. lipolytica by
expressing both PDC and ALD in a strain engineered to produce
high amounts of lipid (ACC1 and DGA1 also overexpressed)
increased the yield of lipid on glucose (YLipid/S) from 0.175 to
0.192 g/g, whereas overexpression of ACL did not affect the yield
(YLipid/S 0.173 g/g). The benefit of introducing the PDH bypass
for TAG synthesis was in line with the 14.5% improvement we
estimated with the genome-scale model simulations, in which the
maximum attainable yields from glucose (i.e., without growth)
were 0.252 g/g through the PDH route and 0.289 g/g through
the PDH bypass route. When we introduced PDC1 along with
ALD6 and ACS2 encoding genes, a similar level of improvement
was observed in the yield of TAG on glucose at low C/N ratio
(from 0.197 to 0.216 g/g, Table 3) and better yields at high C/N
ratio on glucose (0.233 g/g, Table 3) and on xylose (e.g., 0.27
compared to 0.21 g/g, Table 4). As observed by Xu et al. (2016),
expression of the PDH bypass resulted in some improvement in
TAG production at low C/N ratios, but the best TAG production
was still observed with strong nitrogen limitation. The yield of
TAG on xylose (0.27 g/g) in the engineered strain approached the
theoretical maximum yield of 0.289 g/g.

The genome of our lipid production host, T. oleaginosus, was
recently sequenced and assembled (Close and Ojumu, 2016).
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FIGURE 5 | Glucose consumption (A) and TAG titer (B), TAG yield on biomass (C), and TAG yield on glucose (D) for T. oleaginosus grown in batch culture in
medium with a C/N ratio of 70, at pH 4, 30◦C, 1000 rpm. Error bars present ± SEM and if not visible are smaller than the symbol.

Two putative PDC genes have been found in the T. oleaginosus
genome3, but these genes have very low identity to known,
characterized PDC genes and do not necessarily encode PDCs.
Even if T. oleaginosus has a functional endogenous PDC, its
activity was low in lipid producing (aerobic) conditions: no
ethanol was observed in any of the cultivations described here.
Thus, we expected PDC expression to be required to complete

3https://genome.jgi.doe.gov/Crycu1/Crycu1.home.html

the PDH bypass. Expression of PDC1 alone appeared to enhance
TAG titer and yields on both glucose and xylose (Tables 2, 3),
although the difference was not conclusive because of the high
variation observed between replicates. On both glucose and
xylose, the best yield of TAG on substrate (p < 0.10) was
observed in the strain which had PDC1, ALD6, and PDAT. In
this combination there is a push (PDC) and pull (PDAT) effect,
combined with NADPH production by ALD. The S. cerevisiae
PDC1 gene has also been expressed in Y. lipolytica together with
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FIGURE 6 | Xylose consumption (A) and TAG titer (B), TAG yield on biomass (C), and TAG yield on xylose (D) for T. oleaginosus grown in batch culture in medium
with a C/N ratio of 70, at pH 4, 30◦C, 1000 rpm. Error bars present ± SEM and if not visible are smaller than the symbol.

the S. cerevisiae ADH1 gene, but for the purpose of obtaining
ethanol not lipid (Gatter et al., 2016).

The T. oleaginosus genome also contains one putative ACS
gene, but no ALD encoding gene has been identified, leaving the
PDH bypass pathway incomplete. Therefore, generation of the
active PDH bypass required addition of ALD6 from S. cerevisiae.
ALD6 is a cytosolic ALD which utilizes NADP+ as a cofactor in

the reaction with acetaldehyde, producing acetate and NADPH
(Saint-Prix et al., 2004). In theory, this NADPH would be
beneficial in fatty acid synthesis, since in one cycle of fatty acid
synthesis, two NADPHs are required. When NADP-dependent
ALD is active, the flux through the PDH bypass will generate
one NADPH for each cytosolic acetyl-CoA. The genome-scale
metabolic model simulations showed that addition of ALD was
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beneficial when NADPH generation from the PPP was limited
to the flux observed in wild type Y. lipolytica (Wasylenko et al.,
2015). Although xylose enters metabolism through the non-
oxidative part of the PPP, its metabolism does not generate
NADPH, which may explain why the benefit to YTAG/x and
YTAG/S of adding ALD6 and PDC1 to T. oleaginosus was greater
on xylose (Table 4) than on glucose (Table 3). Addition of
ALD6 alone was not expected to improve lipid yields, but some
benefit was again observed on xylose (Figure 4), but not glucose
(Figure 2).

Although the genome sequence indicates that an ACS gene is
present in T. oleaginosus, the S. cerevisiae ACS2 was added along
with ALD6 to reduce glucose repression of acetyl-CoA formation.
Acetate formed in the ALD reaction is converted into acetyl-CoA
by acetyl-CoA synthase. ACS2 is one of two S. cerevisiae ACS
encoding genes. This isoform is not under glucose repression, as
is the ACS1 gene in S. cerevisiae (Van den Berg and Steensma,
1995). ACS1 may also have post-translational regulation (Shiba
et al., 2007). Interestingly, when ACS2 was expressed alone in
T. oleaginosus, without other heterologous genes involved in the
PDH bypass, glucose and xylose consumption were faster than
in the control strain (Supplementary Tables S1–S3). TAG titers
at the end of cultivations and TAG yields during the cultivations
were also higher in the ACS2 expressing strain compared to
the control, suggesting that other cytosolic routes to TAG
synthesis were operating. Xu et al. (2016) demonstrated that
overexpression of phosphoketolase from the PPP, which
generates acetyl-phosphate, and phosphotransacetylase,
converting acetyl-phosphate to acetyl-CoA, resulted in a
high yield of lipid on glucose (0.225 g/g) in Y. lipolytica. Acetyl-
phosphate can also be converted to acetate, with the generation
of ATP, and an active phosphoketolase and acetate kinase may
have been generating cytoplasmic acetate for ACS2 to convert to
acetyl-CoA.

To further enhance TAG production, we expressed the
putative PDAT gene from R. oryzae in T. oleaginosus. PDAT,
a phospholipid diacyltransferase, catalyzes the last step of TAG
synthesis. Expression of PDAT or DGAT has been shown to
enhance TAG production in S. cerevisiae and Y. lipolytica
(Oelkers et al., 2002; Blazeck et al., 2014). The T. oleaginosus
strain with only the PDAT gene from R. oryzae expressed
consumed glucose slower than the control strain, but TAG titer
and yields were better, especially at C/N ratio 103. The slow
glucose consumption and good TAG yield were also seen in the
strains expressing PDAT in combination with the PDH bypass
genes. On glucose, TAG titer and yields were generally the highest
in the strain with all three genes, implying that even partial
expression of the PDH bypass together with PDAT expression
enhanced TAG production yields. This was also observed in the
bioreactor cultivations, which allowed higher TAG production
than in the flasks, since higher substrate concentrations could
be used. On glucose, transformants with either ALD and PDAT
or ALD, ACS, and PDAT produced about 14% more TAG than
the control strain, with a corresponding increase in the yield of
TAG on glucose. On xylose, both transformants produced 19–
26% more TAG, with the YTAG/xylose 15–19% higher, than the
control strain. The higher yield on carbohydrate supported the

hypothesis that it is possible to improve TAG yield by enhancing
cytosolic acetyl-CoA production.

Lipid production has been extensively studied with modified
Y. lipolytica strains (Shi and Zhao, 2017). With these strains,
high lipid titers and yields have been achieved on glucose.
For example, Qiao et al. (2017) reported 98.9 g/l lipid
production with 27% YTAG/S and 66.8% YTAG/x in fed-
batch cultivation with Y. lipolytica having ACC1, DGA1, GapC
(Clostridium acetobutylicum) and MCE2 (Mucor circinelloides)
genes. However, Y. lipolytica cannot utilize xylose (Zhao
et al., 2015). Even when genetically modified to express
Scheffersomyces stipitis XYL1 and XYL2 genes, Y. lipolytica
produced only 15 g/l lipids from 160 g/l xylose (Li and Alper,
2016). Addition of an extra copy of the endogenous XKS1 gene
improved production of lipid from xylose, but yields were still low
(Ledesma-Amaro et al., 2016). Production of lipids from xylose
has also been reported for R. toruloides, which is able to grow
on xylose. The yield of lipid on either xylose or biomass was
higher in both a wild type R. toruloides (11–16% YTAG/S and
36–45% YTAG/x, Wiebe et al., 2012) and a genetically modified
strain (ACC1 and DGA1, 14% YTAG/S and 43.4% YTAG/x, Zhang
et al., 2016) than in the engineered Y. lipolytica (8% YTAG/S
and 35% YTAG/x, Ledesma-Amaro et al., 2016). While the wild
type T. oleaginosus (15% YTAG/S and 42% YTAG/x, Figure 6)
had yields of TAG (which were 85% of total lipid) on xylose
and biomass which were comparable to those of R. toruloides
total lipids, addition of ALD6 and PDAT (with or without ACS2)
resulted in yields from xylose (20.8% YTAG/S and 48.4% YTAG/x,
Figure 6) which were comparable to those obtained from glucose
and the highest so far reported for lipid or TAG production from
xylose.

A “push and pull” strategy has been used successfully in
oleaginous yeasts like Y. lipolytica and in R. toruloides to
enhance their lipid production. In these cases, the genes encoding
the first enzyme of fatty acid synthesis (ACC1) and the last
enzyme of TAG synthesis (DGA1) were expressed (Tai and
Stephanopoulos, 2013; Zhang et al., 2016; Qiao et al., 2017).
Xu et al. (2016) demonstrated that pathways which increase
cytoplasmic acetyl-CoA can be modified to further enhance
lipid production. Here the provision of cytoplasmic acetyl CoA
via the PDH bypass (and other reactions associated with the
partial pathway) provided the “push,” while PDAT provided
the “pull” to enhance lipid production. The PDH bypass was
also expected to reduce the dependence of lipid production
on nitrogen limitation (Xu et al., 2016), but improvements
in lipid production in T. oleaginosus were primarily seen in
cultures with high C/N ratios. Our results show that providing
a route to cytoplasmic acetyl CoA, e.g., via the PDH bypass,
was particularly useful when xylose was the substrate for lipid
production, with the main benefit being the increased yield of
TAG on substrate.
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