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Rhodosporidium toruloides: a 
new platform organism for conversion 
of lignocellulose into terpene biofuels 
and bioproducts
Junko Yaegashi1,2, James Kirby1,3, Masakazu Ito4, Jian Sun1,5, Tanmoy Dutta1,5, Mona Mirsiaghi6, 
Eric R. Sundstrom6, Alberto Rodriguez1,5, Edward Baidoo1,6, Deepti Tanjore6, Todd Pray6, Kenneth Sale1,5, 
Seema Singh1,5, Jay D. Keasling1,3,6,7,8, Blake A. Simmons1,6, Steven W. Singer1,6, Jon K. Magnuson1,2, 
Adam P. Arkin4,6,8, Jeffrey M. Skerker4,6 and John M. Gladden1,5*

Abstract 

Background: Economical conversion of lignocellulosic biomass into biofuels and bioproducts is central to the estab-
lishment of a robust bioeconomy. This requires a conversion host that is able to both efficiently assimilate the major 
lignocellulose-derived carbon sources and divert their metabolites toward specific bioproducts.

Results: In this study, the carotenogenic yeast Rhodosporidium toruloides was examined for its ability to convert 
lignocellulose into two non-native sesquiterpenes with biofuel (bisabolene) and pharmaceutical (amorphadiene) 
applications. We found that R. toruloides can efficiently convert a mixture of glucose and xylose from hydrolyzed 
lignocellulose into these bioproducts, and unlike many conventional production hosts, its growth and productivity 
were enhanced in lignocellulosic hydrolysates relative to purified substrates. This organism was demonstrated to have 
superior growth in corn stover hydrolysates prepared by two different pretreatment methods, one using a novel bio-
compatible ionic liquid (IL) choline α-ketoglutarate, which produced 261 mg/L of bisabolene at bench scale, and the 
other using an alkaline pretreatment, which produced 680 mg/L of bisabolene in a high-gravity fed-batch bioreactor. 
Interestingly, R. toruloides was also observed to assimilate p-coumaric acid liberated from acylated grass lignin in the 
IL hydrolysate, a finding we verified with purified substrates. R. toruloides was also able to consume several additional 
compounds with aromatic motifs similar to lignin monomers, suggesting that this organism may have the metabolic 
potential to convert depolymerized lignin streams alongside lignocellulosic sugars.

Conclusions: This study highlights the natural compatibility of R. toruloides with bioprocess conditions relevant to 
lignocellulosic biorefineries and demonstrates its ability to produce non-native terpenes.

Keywords: Rhodosporidium toruloides, Terpenes, Bisabolene, Amorphadiene, Heterologous expression, Plant 
biomass-derived hydrolysate, Multiple carbon source utilization
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Background
Growing energy demands and concerns over global 
warming and environmental pollution associated with 
the consumption of petroleum have made it imperative 

to develop and foster a bioeconomy focused on effi-
cient low-carbon emission technologies. Replacement of 
petroleum-derived fuels and chemicals with bio-based 
alternatives derived from renewable carbon sources has 
been identified as a promising approach to help realize a 
bioeconomy, and provides an added benefit of supporting 
domestic economies through localized revenues and job 
growth [1]. Lignocellulosic biomass, composed primarily 
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of cellulose, hemicellulose, and lignin, is the most abun-
dant renewable carbon source available today, and has 
been widely studied as a substrate for microbial pro-
duction of bio-based fuels and chemicals. Most of these 
efforts have focused on converting one or two of the 
major components of plant biomass, primarily cellulose 
and hemicellulose, but none of them have demonstrated 
conversion of all three components by a single microbe 
into a single non-native bioproduct. Due to its heteroge-
neity and recalcitrance to depolymerization, the cross-
linked phenolic polymer lignin is the most underutilized 
of the three components for bioconversion, and is often 
relegated to being burned for heat and energy generation 
in a biorefinery [2]. However, technoeconomic (TEA) 
and life-cycle (LCA) analyses have indicated that lignin 
valorization will be critical for maintaining the economic 
viability and sustainability of lignocellulosic biorefiner-
ies [3]. Therefore, conversion strategies that incorpo-
rate lignin will have an economic advantage over those 
that focus solely on carbohydrate conversion, creating a 
strong incentive for biorefineries to adopt microbial con-
version hosts that can achieve this feat.

While well-established microbes such as Escherichia 
coli and Saccharomyces cerevisiae are convenient hosts 
for bioproduct synthesis from glucose or xylose, they do 
not readily utilize multiple carbon sources simultane-
ously, especially not those derived from lignin, making 
it difficult to efficiently use lignocellulose as a carbon 
source [4]. Two approaches to circumvent this problem 
are to (1) engineer commonly used hosts such as E. coli 
and S. cerevisiae to efficiently utilize cellulose, hemicel-
lulose, and lignin depolymerization products, or (2) find 
a host that naturally has this ability and engineer it to 
make bioproducts. Rhodosporidium toruloides, an ole-
aginous, carotenogenic basidiomycete yeast, has been 
studied as a model organism for lipid production and has 
been shown to co-utilize both hexose and pentose sug-
ars [5], suggesting potential advantages of R. toruloides 
over conventional lignocellulosic conversion hosts. R. 
toruloides accumulates high concentrations of lipids and 
carotenoids, both of which are derived from acetyl-CoA 
[6]. This suggests that it may be a promising host for the 
production of compounds synthesized from acetyl-CoA, 
especially terpene and lipid-based bioproducts. Not only 
does it make these natural bioproducts, it can also grow 
to very high cell densities (100  g/L dry cell mass) [7], 
another important industrially relevant characteristic.

Taking advantage of the recently developed genetic 
tools for R. toruloides [8–11], we explored its utility as 
a new platform for production of non-native terpenes 
from lignocellulose. We demonstrated that R. toruloides 
has the unique ability to simultaneously utilize glucose 

and xylose derived from depolymerized cellulose and 
hemicellulose in addition to compounds associated with 
lignin, such as p-coumaric acid. This compound is asso-
ciated with grass lignins (like corn, sorghum, switch-
grass, etc.) where it is conjugated to lignin through 
an ester linkage that is easily cleavable using existing 
alkaline lignocellulosic pretreatment technologies [12]. 
Unlike this lignin conjugate, the lignin polymer itself is 
very heterogeneous and its depolymerization has the 
potential to yield a wide variety of compounds derived 
from the lignin p-hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) phenylpropanoid units. Therefore, R. toru-
loides was also examined for its ability to consume sev-
eral compounds containing aromatic motifs similar to 
the H, G, and S lignin subunits. Demonstration of the 
conversion of these types of compounds along with lig-
nocellulosic sugars opens the possibility of including 
lignin as a carbon source in lignocellulose conversion 
schemes, a process that would increase the efficiency 
and commercial viability of a biorefinery. Finally, we 
demonstrate that R. toruloides is compatible with a 
single-unit or one-pot lignocellulose pretreatment, sac-
charification, and fermentation process (Fig.  1) that 
potentially reduce biorefinery capital and operating 
expenses (CAPEX and OPEX, respectively) and waste-
water treatment [13, 14]. Together, these abilities sug-
gest that R. toruloides has the potential to be a platform 
organism for the conversion of the majority of the car-
bon present in lignocellulose into advanced biofuels and 
bioproducts.

Methods
Media
Synthetic defined (SD) medium was made following 
manufacturers’ instructions with Difco yeast nitrogen 
base (YNB) without amino acids (Becton, Dickinson & 
Co., Sparks, MD) and complete supplemental mixture 
(CSM; Sunrise Science Products, San Diego, CA). Initial 
medium pH was adjusted to 7.4 with NaOH unless other-
wise stated. Luria broth (LB) and yeast peptone dextrose 
(YPD) media were made using pre-mixed Difco LB broth 
and Difco YPD broth, respectively.

Growth conditions
R. toruloides seed cultures were obtained by inoculat-
ing 5 mL LB with single colonies from a YPD agar plate 
containing antibiotics at the following concentrations: 
nourseothricin, 100 µg/mL, and cefotaxime, 300 µg/mL. 
The seed cultures were used to inoculate 5 mL SD media 
with a starting optical density at 600 nm  (OD600) of 0.1. 
The same inoculation strategy was used for cultivations 
of lignin-related monoaromatics, with the following 
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compounds being added separately to SD medium: 
p-coumaric acid, ferulic acid, p-hydroxybenzoic acid, 
vanillic acid, sinapic acid, benzoic acid, and vanillin, at a 
final concentration of 2 g/L for each compound. Cultures 
of terpene-producing strains were overlaid with 20% (v/v) 
dodecane. All cultures were grown at 30 °C with shaking 
at 200 rpm. Growth was monitored by measuring  OD600 
using a standard disposable cuvette (10  mm lightpath) 
in a total volume of 1  mL. Each sample was diluted so 
that the  OD600 measurements would fit within the linear 
range of the instrument.

Plasmid construction and transformation
Strains and plasmids used in this study can be found in 
Table  1, and are also available through the Joint BioEn-
ergy Institute Strain Registry (https://public-registry.jbei.
org/ [15]) and are available upon request.

Codon optimization, gene synthesis, and plasmid con-
struction were performed by GenScript (Piscataway, 
NJ). The genes encoding bisabolene synthase (BIS) and 
amorphadiene synthase (ADS) were codon optimized for 
R. toruloides based on a custom IFO0880 codon usage 
table (http://genome.jgi.doe.gov/Rhoto_IFO0880_3/
Rhoto_IFO0880_3.home.html), and the constructs were 
designed so that each gene was positioned between the 
GAPDH promoter and NOS terminator [10]. The con-
structs were synthesized and inserted into the A. tume-
faciens-mediated transformation (ATMT) plasmid pGI2 
[16] using the EcoRV restriction sites. The pGI2-derived 
plasmids were introduced into R. toruloides recipient 
strains by ATMT as previously described [8, 10].

Measurement of bisabolene and amorphadiene
For measurement of bisabolene production, 10 µL of the 
dodecane overlay was sampled and diluted into 390  µL 
of ethyl acetate spiked with 1 mg/L caryophyllene as an 
internal standard. Bisabolene was quantified by gas chro-
matography–mass spectrometry (GC–MS) as described 
previously [18].

IL-Pretreatment
Saccharification

Lignin Cellulose Hemicellulose

p-coumaric 
acid Glucose Xylose

Engineered 
Rhodosporidium toruloides 

O
O

O

O

O

Bisabolene
(1)

Amorphadiene
(2)

Bisabolane
Artemisinin

Biomass

Biofuels Bioproducts

Fig. 1 Schematic of R. toruloides as a new platform for the produc-
tion of lignocellulosic biofuels and bioproducts

Table 1 Strains and plasmids used in this study

Genotypes/features Source/references JBEI registry ID

Plasmids

 pGI2 KanR for bacteria,  NatR for yeast, binary plasmid [16]

 pGI2-GPD1-BIS-Tnos pGI2-PGAPDH-BIS-TNOS This study JBx_065214

 pGI2-GPD1-ADS-Tnos pGI2-PGAPDH-ADS-TNOS This study JBx_065213

Strains

 IFO0880 (WT) Rhodosporidium toruloides strain IFO0880, mating type A2 NBRC culture collection

 BIS 1-8 IFO0880/PGAPDH-BIS-TNOS This study JBx_065242 to JBx_065249

 ADS 1-8 IFO0880/PGAPDH-ADS-TNOS This study JBx_065232 to JBx_065239

 CAR2 IFO0880/ KU70::HygR, CAR2::NatR [17]

https://public-registry.jbei.org/
https://public-registry.jbei.org/
http://genome.jgi.doe.gov/Rhoto_IFO0880_3/Rhoto_IFO0880_3.home.html
http://genome.jgi.doe.gov/Rhoto_IFO0880_3/Rhoto_IFO0880_3.home.html
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Assessment of genetic stability of the 
bisabolene‑producing strain BIS3
Strain BIS3 was cultured overnight in LB and, after 
removal of medium, cells were used to inoculate 5  mL 
of SD medium containing 2% (w/v) glucose at a starting 
 OD600  of 0.1, in triplicate. Cultures were overlaid with 
20% dodecane and incubated by shaking at 200  rpm at 
30  °C. After 6  days the cultures were used to inoculate 
fresh medium of the same type and dodecane was sam-
pled to quantify bisabolene production. This process was 
repeated two additional times, spanning four rounds of 
culture over 24 days.

Measurement of lipid and carotenoid content
Total lipid content was quantified gravimetrically fol-
lowing extraction with Folch reagent (2:1 chloroform/
methanol) as described previously [19]. Carotenoids 
were extracted with acetone and quantified by high per-
formance liquid chromatography (HPLC) as described 
previously [20]. Carotenoid standards β-carotene, toru-
lene, and torularhodin were obtained from carotenature, 
GmbH (Ostermundigen, Switzerland).

Analysis of sugars and α‑ketoglutarate
The concentrations of sugars and α-ketoglutarate were 
quantified on an Agilent Technologies 1200 series HPLC 
equipped with an Aminex HPX-87H column (BioRad, 
Hercules, CA) as described previously [21]. Sample injec-
tion volumes were 5  μL. Sugars were monitored by a 
refractive index detector, and α-ketoglutarate was mon-
itored by a diode array detector at 210  nm. Concentra-
tions were calculated by integration of peak areas and 
comparison to standard curves for the compounds of 
interest.

Analysis of monomeric aromatics
The concentrations of monoaromatics were quantified on 
an Agilent Technologies 1200 series HPLC equipped with 
a Zorbax Eclipse XDB-C18 column (Agilent Technolo-
gies, Santa Clara, CA). Five microliters of each sample was 
injected onto the column and eluted isocratically with 20% 
(v/v) acetonitrile in  H2O containing 0.5% acetic acid (v/v) 
at a flow rate of 1 mL/min for 15 min at a column temper-
ature of 24  °C. Detection of p-coumaric acid and sinapic 
acid utilized a diode array detector at 310 nm, while feru-
lic acid, p-hydroxybenzoic acid, vanillic acid, benzoic acid, 
and vanillin utilized a diode array detector at 275 nm. Con-
centrations were calculated by comparison of peak areas to 
calibration curves generated with high purity standards.

Preparation of the ionic liquid [Ch][α‑Kg]
In a typical process, choline hydroxide (46 wt% in  H2O) 
was mixed with α-ketoglutaric acid (40 wt% in  H2O) in 

a 2:1 weight ratio at room temperature. The pH of the 
resulting ionic liquid (IL) was measured by a pH probe 
and maintained at 13.5.

Ionic liquid one‑pot pretreatment and saccharification
Cellulase (Cellic® CTec2; Batch# VCN10001, pro-
tein content 188  mg/mL) and hemicellulase (Cellic® 
HTec2; Batch# VHN00001, protein content 180  mg/
mL) enzyme mixtures were received as gifts from Novo-
zymes NA (Franklinton, NC, USA), and mixed with a 
volume ratio of 9:1 before use. Corn stover was supplied 
by the Department of Chemical Engineering & Materi-
als Science at Michigan State University. The biomass 
was ground by a Thomas Wiley Mini Mill fitted with a 
20-mesh screen (Model 3383-L10 Arthur H. Thomas Co., 
Philadelphia, PA, USA) and analyzed for polysaccharide 
composition after drying (glucan 38.90%  ±  0.04, xylan 
24.77 wt% ± 0.01, and lignin 18.42 wt% ± 0.27).

In an integrated process, 40 g of corn stover was mixed 
with 160 g [Ch][α-Kg] (40 wt% in  H2O) to achieve a 20 
wt% biomass loading in a 300 mL Parr reactor and pre-
treated at 120  °C for 4 h. After pretreatment, the slurry 
was diluted with deionized (DI) water to obtain a final IL 
concentration of 10 wt%. Before adding the enzyme mix-
ture (CTec2/HTec2 =  9:1, v/v) for the saccharification, 
α-ketoglutaric acid (40 wt% in  H2O) was used to lower 
the pH of the system to 5. Enzymatic hydrolysis was con-
ducted at 50  °C in a 1 L shake flask for 3  days with an 
enzyme loading of 20  mg protein/g corn stover. Titers 
were: glucose (17.1 g/L), xylose (9.1 g/L), and p-coumaric 
acid (383 mg/L).

As described in detail below, the raw and pretreated 
corn stover was dried and characterized with powder 
X-ray diffraction (XRD). The XRD analyses were per-
formed on a PANalytical Empyrean X-ray diffractom-
eter equipped with a PIXcel3D detector and operated at 
45 kV and 40 kA using Cu Kα radiation (λ = 1.5418 Å). 
The patterns were collected in the 2θ range from 5 to 60° 
with a step size of 0.039° and an exposure time of 300 s. 
A reflection–transmission spinner was used as a sample 
holder and the spinning rate was set at 8 rpm throughout 
the experiment. Crystallinity index (CrI) was determined 
by Segal’s method [22].

X-ray diffraction (XRD) studies were conducted to 
determine the changes in the crystalline vs. non-crys-
talline components found in the untreated corn stover, 
and to monitor the structural changes in these polymers 
that occur during the pretreatment process. Additional 
file  1 shows the X-ray diffractograms of the untreated 
and pretreated corn stover after processing at 120  °C 
for 4  h. The diffractogram obtained from the untreated 
corn stover has two major diffraction peaks at 22.5° and 
15.7° 2θ, characteristic of the cellulose I polymorph that 
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corresponds to [002] and combined [101] + [101̄] lattice 
planes, respectively. The third small peak at 34.5° ([040] 
lattice plane) corresponds to 1/4 of the length of one 
cellobiose unit and arises from ordering along the fiber 
direction [22, 23]. The diffractogram obtained from pre-
treated corn stover still retains the cellulose I polymorph, 
with a relative decrease in the intensity of the [002] peak. 
The crystallinity index (CrI) of corn stover decreased 
from 61 to 50% after pretreatment. This decrease in the 
cellulose crystallinity after pretreatment is reflected in 
the high saccharification efficiency observed.

Alkaline biomass pretreatment and saccharification 
for bioreactor cultivation
A mixture containing 15 wt% corn stover biomass (7 wt% 
moisture), 1.5 wt% solid NaOH, and 83.5 wt% water was 
pretreated by autoclave at 121 °C for 1 h. Following pre-
treatment, the biomass was wrapped in cheesecloth and 
dried in a laundry centrifuge to approximately 30 wt% 
solids. The supernatant was discarded and biomass was 
re-suspended and soaked in DI water overnight after the 
pH was adjusted to 5.0. The pH-adjusted biomass was 
then centrifuged a second time to remove excess salt and 
moisture.

Pretreated biomass, containing 85% w/w moisture, was 
saccharified in 2 L IKA reactors (model LR-2.ST, IKA, 
USA) using commercially available enzymes CTec2 and 
HTec2 (Novozymes, USA). Enzymes with the following 
loadings were added to the reactor: 64 mg CTec2/g dry 
biomass and 8 mg HTec2/g dry biomass. Enzymatic sac-
charification was performed at 50 °C with pH in the range 
of 4.5–5.5 for 96 h. Upon completion of the saccharifica-
tion reaction, the unhydrolyzed biomass was separated 
from the hydrolysate by centrifugation at 4000×g for 
30  min. The hydrolysate was filtered with 0.7  µm and 
then 0.45 µm filter papers to separate any remaining par-
ticles and finally sterilized by passing through 0.2  µm 
filters and stored at 4  °C until use. The final hydrolysate 
contained 86.5  g/L of free glucose and 38.1  g/L of free 
xylose.

Bioreactor cultivation using alkaline hydrolysate
The seed cultures were prepared by transferring a single 
colony from a YPD agar plate to a 500  mL baffled flask 
containing 250  mL of seed medium. The seed medium 
consisted of 10  g/L yeast extract, 20  g/L peptone, and 
20 g/L glucose. The seed was grown at 30 °C, shaking at 
250  rpm overnight to reach exponential growth phase. 
When the seed reached the exponential growth phase, 
5.5% (v/v) inoculum was transferred to each bioreactor to 
reach an initial  OD600 of 0.6.

Bisabolene production in R. toruloides was examined 
in 2 L bioreactors (BIOSTAT B, Sartorius, Germany) 

with an extractive fermentation. Fermentation process 
parameters were controlled with temperature at 30  °C, 
dissolved oxygen at 40% air saturation, and pH 5, respec-
tively. Dissolved oxygen was controlled by adjusting the 
agitation rate at a constant airflow. Culture pH was con-
trolled at 5 by automated addition of 2 M NaOH. Foam-
ing was controlled by addition of 5% (v/v) Antifoam 204 
as needed.

The batch medium in the fermenter containing SD 
medium had the following concentrations: 20  g/L glu-
cose, 6.7 g/L YNB, and 0.79 g/L CSM. The feed for this 
reactor during fed-batch growth was 500 g/L glucose in 
DI water. The batch medium for the reactor containing 
the alkaline hydrolysate had the following concentration: 
20% (v/v) corn stover alkaline hydrolysate, 6.7 g/L YNB, 
and 0.79 g/L CSM. Therefore, the final concentration of 
glucose and xylose in the batch medium for this reac-
tor was 17.3 and 7.62 g/L, respectively. The feed for the 
fed-batch phase for this reactor was corn stover alkaline 
hydrolysate containing 86.5 g/L of glucose and 38.1 g/L of 
xylose.

Both fermenters contained 700  mL of initial batch 
medium and 150  mL of dodecane overlay containing 
1 g/L of pentadecane as internal standard to account for 
evaporation of the overlay. The feed was initiated once all 
the sugar in the batch medium was consumed. The feed 
flow rate was adjusted to maintain glucose concentration 
in the reactors below 5 g/L. Cell growth and bisabolene 
production was monitored by taking 5  mL samples at 
predetermined time points.

Dry cell weight analysis of bioreactor cultivations
For dry cell weight analysis 10 mL sample was removed 
from each reactor. After separation of the aqueous and 
organic phase, 5 mL sample from the aqueous phase was 
transferred to pre-weighed falcon tubes. The cells were 
centrifuged at 4000×g for 10  min and supernatant was 
discarded. Cells were dried in a vacuum oven (Binder, 
Germany) at 60 °C until the weight was stable.

Results and discussion
R. toruloides as a platform for terpene production
Terpenes are produced by a variety of organisms and 
have a wide range of applications from flavors, fra-
grances, and pharmaceuticals to biofuels and chemical 
feedstocks [24]. In this study, we selected two terpenes, 
amorphadiene and bisabolene, to examine the suitabil-
ity of R. toruloides as a lignocellulosic conversion host. 
Amorphadiene, a precursor of the antimalarial drug 
artemisinin, was chosen as an example of a commercially 
relevant bioproduct [25] and bisabolene, an immediate 
precursor of the D2 diesel alternative bisabolane, was 
chosen as an example of an advanced “drop-in” biofuel 
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[26]. Codon-optimized expression cassettes for bisab-
olene (BIS) and amorphadiene (ADS) synthases were 
constructed and separately integrated into the genome 
of R. toruloides IFO0880 using A. tumefaciens-mediated 
transformation (ATMT) [8]. A number of transformants 
were confirmed to produce either bisabolene (Fig. 2a) or 
amorphadiene (Fig.  2b), with variance in titer between 
strains most likely due to copy number and integration 
site effects [27, 28]. Terpene titers for selected strains 
in synthetic defined (SD) medium containing 2% (w/v) 
glucose, reached 294  mg/L for bisabolene and 36  mg/L 
for amorphadiene. These bisabolene and amorphadiene 
titers attained in R. toruloides are highly encouraging 
considering that they exploit the natural flux of carbon 

through this yeast’s native terpene biosynthetic pathway. 
In comparison, the yeast S. cerevisiae transformed with 
high copy plasmids harboring the BIS and ADS genes 
and grown in equivalent media attained significantly 
lower bisabolene and amorphadiene titers—approxi-
mately 20 and 10  mg/L, respectively ([29] for ADS, 
unpublished data for BIS). Another notable feature of 
the R. toruloides BIS strain is that bisabolene titers show 
remarkable stability over extended periods of serial 
cultivation, varying by less than 16% over the course 
of four cultures spanning 24  days (Fig.  3). It should be 
noted that this reproducibility was also achieved with-
out the need for a heterologous inducer or antibiotic 
selection, since the BIS gene is stably integrated into the 
genome and its expression is under control of a consti-
tutive GAPDH promoter [8–10]. Both of these features 
reduce OPEX in a biorefinery. In comparison, the bis-
abolene titer from an engineered strain of S. cerevisiae 
grown under similar conditions was found to decline 
by more than 75% over 14 days [30]. The strain stability 
we observed in engineered R. toruloides is an important 
industrial phenotype and a critical factor for large-scale 
economical production of any bioproduct.

We found that the pH of the growth medium is an 
important factor for efficient sugar utilization by R. toru-
loides. After examining a range of starting pH values in 
unbuffered medium (3–8) in batch cultures, a starting pH 
of 7.4 was determined to be optimal to achieve complete 
glucose utilization (Table  2) and the highest bisabolene 
titer (Fig.  4). Interestingly, R. toruloides grew and pro-
duced bisabolene at a pH as low as 3.4, suggesting that 
the host may be amenable to the production of organic 
acids or other bioproducts that require low pH. One 
potential explanation for the decline in pH is that R. toru-
loides is producing native organic acids of potential value, 
a topic that merits further investigation. However, once 
the pH declines to 2.5 (in unbuffered medium starting 
at pH 7 or below), sugar utilization is strongly inhibited, 
suggesting that the pH must remain above this level to 
enable efficient carbon conversion. Therefore, all subse-
quent experiments in unbuffered media were performed 
with a starting pH of 7.4.

R. toruloides can convert multiple carbon sources 
into bisabolene in defined media
To demonstrate the capability of engineered R. toruloides 
to utilize different carbon sources to produce non-native 
terpenes, we cultivated the bisabolene-producing strain 
BIS3 with the most abundant sugars present in ligno-
cellulosic hydrolysates: glucose and xylose. In addition, 
we observed the liberation and consumption of p-cou-
maric acid in the IL-pretreated corn stover hydrolysate 
described in detail below (the hydrolysate in Fig. 7), and 
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therefore we examined this compound as a carbon source 
along with the sugars. This phenolic compound is associ-
ated with grass lignins through an ester linkage to lignin 
monomers formed prior to lignin polymerization [12]. 
This ester linkage can easily be cleaved under alkaline 
conditions [31], like those found in the pretreatments 
used to generate hydrolysates in this study. Initially, these 
three carbon sources were provided individually and 
growth, carbon utilization, and bisabolene production 
were monitored (Fig. 5a–c). Glucose was completely con-
sumed at the fastest rate, followed by p-coumaric acid, 
then xylose (in 1, 3, and 4 days, respectively). The highest 
bisabolene titers were observed in the p-coumaric acid 
cultures, likely due to its higher percentage of carbon 
relative to the sugars (Fig. 5a–c). Remarkably, when com-
bined, all three carbon sources were completely utilized 
within 4  days (Fig.  5d). The p-coumaric acid was com-
pletely utilized earlier in the presence of the other sugars 
(2 vs 3  days), while complete utilization of glucose and 
xylose took slightly longer when present in the mixture 
(glucose: 2 vs 1 day; xylose: both day 4 but less consumed 
by day 2 in the mixture).

Much effort has been expended on metabolic engineer-
ing of common microbial host organisms such as E. coli 
and S. cerevisiae for simultaneous utilization of multiple 
carbon sources, such as glucose and xylose [21, 32]. The 
ability of R. toruloides to efficiently utilize multiple car-
bon sources, particularly hexose and pentose sugars com-
bined with aromatic compounds, is something that even 
extensively engineered strains of S. cerevisiae and E. coli 
have been unable to accomplish. However, the decrease 
in glucose and xylose consumption rates in R. toruloides 
cultures grown on mixed sugars merits further investiga-
tion to determine if there is competitive sugar transport, 
catabolite repression, or other mechanisms affecting the 
kinetics.

Consumption of lignin‑related monoaromatics
The ability of R. toruloides to consume p-coumaric acid 
indicates that it may also have the natural ability to con-
sume other lignin-related aromatic compounds. To bet-
ter understand this potential, R. toruloides was tested 
for its ability to consume compounds related to possi-
ble lignin degradation products derived from the H, G, 
and S subunits. Compounds were tested with the same 
aromatic motif as the 4-hydroxyphenyl H units (p-cou-
maric acid and p-hydroxybenzoic acid), the 4-hydroxy-
3-methoxyphenyl G units (ferulic acid and vanillic acid), 
as well as the non-substituted aromatic compound ben-
zoic acid. Complete consumption of each substrate 
occurred within 72  h in single carbon cultures, except 
for vanillic acid, which may have been toxic at the level 
tested (Fig. 6). We also tested a compound with the same 
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Table 2 Percent utilization of glucose in SD media starting 
at various pH

Cultures were carried out as described above, the aqueous layer was sampled for 
glucose analysis (n = 3, data shown as average ± s.d, from a single experiment)

pH % utilization

3.4 52.6 ± 5.4

4.4 67.0 ± 4.7
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7.4 100.0 ± 0.0

8.4 96.8 ± 2.4
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aromatic motif as the 4-hydroxy-3,5-dimethoxyphenyl S 
units (sinapic acid), but the results were inconclusive due 
to apparent oxidation and precipitation of the substrate 
during the cultivation. Overall, these results indicate that 
R. toruloides has the metabolic potential to consume 
lignin degradation products derived from depolym-
erization processes that produce compounds similar to 
those tested. This capability highlights the potential of R. 
toruloides to be used as a conversion host of monoaro-
matic lignin degradation products, a characteristic that 
will become more important as biomass deconstruction 
technologies advance to provide more extensive lignin 
depolymerization. However, lignin depolymerization 
technologies can produce a very diverse and heterogene-
ous mixture of aromatic and non-aromatic compounds, 
so although R. toruloides has the potential to convert 
certain compounds derived from depolymerized lignin, 
much work would need to be done to tailor both the 
structure of lignin and lignin depolymerization strategies 
to bias the product range toward compounds that can 
be readily consumed by this organism. For example, one 
possible strategy to do this would be to engineer bioen-
ergy feedstocks to generate lignin more heavily acylated 
with p-coumarate, which could then be readily liberated 
from the lignin under alkaline pretreatment conditions 
and converted into bioproducts [33].

Bisabolene production and carbon source utilization 
in a corn stover hydrolysate pretreated with the novel 
biocompatible ionic liquid choline α‑ketoglutarate
The performance of R. toruloides grown on purified sub-
strates indicates that it may be an excellent biocatalyst 
for the conversion of deconstructed lignocellulose into 
valuable bioproducts. To test this premise, we examined 
how R. toruloides performs on substrates derived from 
actual lignocellulosic biomass. There are many technolo-
gies that have been developed to efficiently depolymerize 
biomass into intermediates suitable for microbial conver-
sion, and those based on ionic liquid (IL) pretreatment 
and enzymatic saccharification have been demonstrated 
to be some of the most efficient and effective [34–36]. 
Recently, biocompatible ILs that do not inhibit commer-
cial cellulase enzyme mixtures or microbial growth have 
been developed, enabling single-unit operation biomass 
pretreatment, saccharification, and fermentation, poten-
tially reducing both CAPEX and OPEX in a biorefinery 
[37, 38]. Therefore, to test the performance of R. toru-
loides on a biomass hydrolysate, a corn stover hydrolysate 
containing glucose, xylose, and p-coumaric acid was 
generated using pretreatment with a novel biocompat-
ible IL, choline α-ketoglutarate ([Ch][α-Kg]), followed by 
enzymatic saccharification (see “Methods” for details). It 
was chosen in this study because it was found to be bio-
compatible with R. toruloides. This IL falls into a recently 
developed class of ILs based on dicarboxylic acids such 
as choline glutamate ([Ch][Glu]) [37]. Compositional and 
X-ray diffraction data suggest that [Ch][α-Kg] is func-
tionally equivalent to [Ch][Glu]: pretreatment with [Ch]
[α-Kg] reduced recalcitrance to enzymatic saccharifica-
tion by removing high amounts of lignin from the bio-
mass and reducing the cellulose crystallinity (Table  3 
and Additional file 1). R. toruloides was able to grow in 
the [Ch][α-Kg] hydrolysate, completely consume glu-
cose, xylose, and p-coumaric acid, and produce 261 mg/L 
of bisabolene (Fig. 7a). In fact, it produced higher titers 
of bisabolene in the hydrolysate than it did in a control 
medium with matching concentrations of the IL, sugars, 
and p-coumaric acid (127 mg/L) (Fig. 7b).
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Table 3 Chemical composition of  dominant components 
in the dry corn stover before and after pretreatment

Pretreatment conditions: 20 wt% biomass loading, 80 wt% [Ch][α-Kg] (40 wt% in 
 H2O), 120 °C, 4 h

Solid  
recovery/%

Glucan/wt% Xylan/wt% Lignin/wt%

Untreated 
corn stover

/ 38.90 ± 0.04 24.77 ± 0.01 18.42 ± 0.27

Pretreated 
corn stover

60.0 48.35 ± 0.06 28.92 ± 0.05 13.12 ± 0.03
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R. toruloides converts corn stover hydrolysate 
into bisabolene in high‑gravity fed‑batch bioreactors
In order to examine the spectrum of hydrolysates that R. 
toruloides can utilize and determine the impact of opti-
mized cultivation conditions on bisabolene titers, a corn 
stover hydrolysate generated from an alkaline pretreat-
ment was also tested. This pretreatment method gen-
erates very high concentrations of glucose and xylose, 
so it can be used for high-gravity fed-batch cultivation, 
which enables the addition of significantly more carbon 
than in the batch cultivations conducted with the [Ch]
[α-Kg] hydrolysate. The drawback to this approach is 
that lignin depolymerization products are removed dur-
ing the process, so only glucose and xylose utilization can 
be examined. R. toruloides was cultivated in a controlled, 
high-gravity fed-batch bioreactor using the alkaline corn 
stover hydrolysate or a glucose-only medium set at a glu-
cose concentration similar to those found in industry, 
and produced 680 and 521 mg/L bisabolene, respectively 
(Fig. 8a, b). The lower titer in the glucose-only medium 

may be due to the lower amount of sugars added to the 
cultivation (alkaline: 73.8 g/L and glucose-only: 61.5 g/L), 
resulting in a slightly lower dry cell weight (alkaline: 
27  g/L and glucose-only: 25  g/L) and lower bisabolene 
production. It is interesting to note that R. toruloides pro-
duced high titers of bisabolene in both hydrolysates rela-
tive to defined medias. In many instances, the opposite 
has been observed for organisms like S. cerevisiae and E. 
coli, further demonstrating the greater suitability of R. 
toruloides as a lignocellulosic conversion host.

These results show that R. toruloides is amenable to 
high-carbon fed-batch fermentations, which is another 
important feature when considering organisms for use 
in industry. The bisabolene titer of 680  mg/L achieved 
in this study is impressive relative to titers reported for 
strains of S. cerevisiae and E. coli that have undergone 
extensive genetic engineering [25, 26, 29]. In addition, 
no significant reduction in the native pools of lipids or 
carotenoids was observed in the bisabolene-producing 
strains compared to wild type, suggesting that significant 
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increases in titer can be achieved by further strain engi-
neering to divert carbon flux away from these native 
molecules (both of which are derived from acetyl-CoA) 
toward bisabolene (Additional file 2).

Conclusions
Rhodosporidium toruloides is emerging as a promis-
ing new production platform for the conversion of lig-
nocellulose into biofuels and bioproducts. Much effort 
has focused on its oleaginous properties (high lipid 
proportions; >  60% w/w of cell mass), and it has been 
engineered to produce several lipid derivatives [8, 39]. It 
has also been examined for its production of potentially 
valuable native carotenoids: β-carotene, torularhodin, 
and torulene [40]. In this study, we demonstrate that this 
organism is a versatile production host that possesses 
many features critical to reducing CAPEX and OPEX 
in a biorefinery: (1) it can be used to make a variety of 
bioproducts, including non-native terpenes with bio-
fuel and pharmaceutical applications, (2) heterologous 
production of bioproducts does not require inducers or 
antibiotics and is stable through multiple generations, 

(3) it can efficiently utilize components of both the poly-
saccharide and lignin fractions of inexpensive, carbon 
neutral, and renewable lignocellulosic feedstocks, (4) it 
is compatible with single-unit operation pretreatment, 
saccharification, and fermentation bioprocessing config-
urations, and (5) bioproduct productivity is not inhibited 
in lignocellulosic hydrolysates. No other microbial pro-
duction platform has been demonstrated to harbor all 
these properties, and R. toruloides sets a new standard 
for biotechnological applications that support a green 
economy.

Additional files

Additional file 1. X-ray diffraction patterns and CrI (%) values of corn 
stover, both untreated and pretreated with [Ch][α-Kg] (40 wt% in  H2O) at 
120 °C for 4 h pretreatment condition.

Additional file 2. Comparison of bisabolene titers, lipid content, and 
carotenoid levels between different BIS transformants. CAR2 refers to a 
strain harboring a deletion of the phytoene synthase/lycopene cyclase 
gene and is shown here to demonstrate that lack of carotenoids does not 
affect lipid production [17]. (n = 3, data shown as average ± standard 
deviation, from a single experiment).
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