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ABSTRACT

The oleaginous yeast Rhodosporidium toruloides has been exploited for many bioproducts, including several
terpenes, owing to its oleaginous nature and biomass inhibitor tolerance. Here, we built upon previous (E)-
a-bisabolene work by iteratively stacking the complete mevalonate pathway from Saccharomyces cerevisiae onto a
multicopy bisabolene synthase parent strain. Metabolomics and proteomics verified heterologous pathway
expression and identified metabolic bottlenecks at three intermediate steps, with candidate feedback-resistant
mevalonate kinases screening improving titers 15%. Subtle differences in codon optimization, and preliminary
attenuation of competing flux toward lipids resulted in 6-fold, 7-fold higher titers relative to controls, respec-
tively. Media optimization led to modest improvements, with zinc identified as the most promising at 10% titer
improvement. Ultimately, high-performance strains were cultivated with corn-stover biomass hydrolysate in
microtiter plates at 300 g/L total sugar, achieving 20.8 g/L bisabolene, the highest reported titer in the literature.
A 2 L glucose minimal medium bioreactor achieved 19.3 g/L bisabolene and a literature-high productivity of

0.11 g/L/h.

1. Introduction

Biofuels are a potential surrogate to petroleum-based gasoline,
diesel, and aviation fuels. Bisabolenes (e.g., (E or Z)-a, -, (E or Z)-
y-bisabolene) are naturally occurring sesquiterpenes widely found
amongst plants and fungi—such as the gum resin Opopanax (or bisabol)
of the shrub Commiphora guidottii (Yeo et al., 2016)—deriving from
farnesyl pyrophosphate of the mevalonate and methylerythritol phos-
phate pathways (Hewage et al., 2023; Spakowicz and Strobel, 2015).
Fully saturating bisabolene isomers renders bisabolane, a suitable bio-
diesel, jet fuel alternative, and fuel additive (Baral et al., 2019; Butcher
et al., 2018; Peralta-Yahya et al., 2011) alongside precursor terpenes
farnesene, pinene, sabinene, and others (Peralta-Yahya et al., 2012;
Walls and Rios-Solis, 2020). While several isomers exist, most metabolic

engineering has focused on production of (E)-a-bisabolene (hereafter
bisabolene).

Rhodosporidium toruloides (also known as Rhodotorula toruloides) is an
oleaginous yeast capable of growth on varied carbon sources (Kim et al.,
2020; Perez-Pimienta et al., 2019), including acid- and ionic
liquid-treated lignocellulosic biomass hydrolysates, and is tolerant to
inhibitors thereof (Fernandes et al., 2023; Z. Liu et al., 2021; Yao et al.,
2021). R. toruloides has high acetyl-CoA flux mainly directed toward
triacylglycerol accumulation via lipid droplets, exploited in several
studies (Deshavath et al., 2024; Keita et al., 2024; Sunder et al., 2024).
Some flux is naturally siphoned toward mevalonate pathway (MVAP)--
derived carotenoids such as p-carotene, with work focusing on their
overproduction (Ochoa-Vinals et al., 2024; Xie et al., 2024). Therefore,
R. toruloides is well poised for MVAP-derived terpene production
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evidenced by previous reports of 1,8-cineole, ent-kaurene, limonene,
prespatane, epi-isozizaene, and bisabolene production (Geiselman et al.,
2020b, 2020a; Kirby et al., 2021; S. Liu et al., 2021; Zhuang et al., 2019).
Of the terpenes showcased in R. toruloides, bisabolene has been the most
extensively engineered, exploring effects of bisabolene synthase copy
number and overexpression of select, metabolomics-derived rate--
limiting MVAP transgenes in the context of endogenous MVAP flux and
regulation (Kirby et al., 2021; Yaegashi et al., 2017), achieving 2.6 g/L
and ~10% of the maximum theoretical yield (MTY) from corn stover
biomass hydrolysate (Chen et al., 2016). The titer of this previous best
strain was further improved to 7.8 g/L in a 550 mL (250 mL working
volume) fed-batch bioreactor of succinic and acetic acid supplemented
with yeast extract and peptone (Walls et al., 2023).

Work on bisabolene has been demonstrated in other microbial
platforms aside from R. toruloides. For example, 180 mg/L in Synecho-
cystis sp. PCC 6803 was demonstrated via overexpression of two meth-
ylerythritol 4-phosphate pathway (MEPP) enzymes (Rodrigues and
Lindberg, 2021). Another example is 12 mg/g CDW in Methylomicrobium
alcaliphilum 20Z that was achieved through overexpression of three
MEPP enzymes with methane as the carbon source (Nguyen et al.,
2021). After peroxisomal localization of the MVAP, 1.1 g/L solely from
methanol was demonstrated in Pichia pastoris (Gao et al., 2024).
Furthermore, 5.2 g/L in Saccharomyces cerevisiae was achieved imple-
menting three knockouts identified via genome-wide screening for
improved carotenoid production in addition to fusing bisabolene syn-
thase to farnesyl diphosphate synthase (SCERG20) to improve its solu-
bility (Ozaydin et al., 2013). Moreover, a fed-batch-derived 9.8 g/L
bisabolene, 78% MTY (glucose basis), and ~0.08 g/L/h productivity
was demonstrated in the purple nonsulfur photosynthetic bacterium
Rhodobacter capsulatus after overexpressing the heterologous MVAP
(from Paracoccus zeaxanthinifaciens) alongside endogenous MEPP flux,
promoter screening, and knockdown/knockouts of competing pathways
to increase FPP and NADPH pools (Zhang et al., 2021). Lastly, Yarrowia
lipolytica showcased 15.5 g/L bisabolene and ~0.09 g/L/h productivity
from waste cooking oil (triacylglycerides) after endogenous MVAP
peroxisomal localization and overexpression, introduction of a heterol-
ogous efflux pump, enhancing f-oxidation flux, inhibiting fatty acid
biosynthesis via cerulenin, and increasing peroxisome count and size
(Zhao et al., 2023).

Here, we built upon previous bisabolene work in R. toruloides (Kirby
et al., 2021) by overexpressing the entire eight-gene MVAP from
S. cerevisiae—beginning with acetyl-CoA acetyltransferase (SCERG10)
and terminating with the promiscuous SCERG20. We tested bisabolene
production in small-volume plates and fed-batch bioreactor conditions
grown on both corn stover biomass hydrolysate and a glucose synthetic
defined medium. We also explored the effects of downregulation of the
AcCoA flux toward lipids, media optimization, overexpression of het-
erologous mevalonate kinases and additional copies of bisabolene syn-
thase, which led to a bisabolene titer of 19.3 g/L and productivity of
0.11 g/L/h in a 2 L bioreactor. This study further establishes R. toruloides
as a promising host for the production of bisabolene and other biofuels
and bioproducts.

2. Materials and methods
2.1. Strains, genotypes, and sequences

Rhodosporidium toruloides (a.k.a. Rhodotorula toruloides, a.k.a Rho-
dotorula graciis) IFO 0880 (a.k.a NBRC 0880) was obtained from the
Biological Resource Center, NITE (NBRC), Japan. All strains and plasmid
sequences in this work are available through the Agile BioFoundry parts
registry at https://public-registry.agilebiofoundry.org, and are listed by
figure in Additional File 1. Additionally, a visual family tree of all strains
is provided in Supplementary Fig. 5. Protein identification numbers used
in this manuscript are from the R. toruloides genome version 4, available
on Mycocosm, the US Department of Energy Joint Genome Institute
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fungal genome repository (Grigoriev et al., 2014).

For strains constructed by homologous recombination (i.e., targeted
integration), the parental strain was a deletion mutant of the non-
homologous end-joining factor Ku70 (Koh et al., 2014). Homologous
recombination and non-homologous end-joining (i.e., for generating
randomly integrated mutants) was achieved by transforming
R. toruloides with linearized plasmid by a lithium acetate transformation
protocol as described in (Otoupal et al., 2019) or TDNA insertion by
Agrobacterium tumefaciens-mediated transformation as described in
(Coradetti et al., 2018), respectively. For strains constructed by random
insertion, randomly selected transformants were screened in liquid
culture with the appropriate selective agent. Significant variation was
observed in growth rates and bisabolene titers amongst transformants,
likely a consequence of different levels of expression of the transgenes
(and selective markers) due to local chromatin structure, number of
integrations, some rate of incomplete partial TDNA integrations, or
disruption of important growth processes. Copy numbers of strains
mentioned are based upon adding the copy number of the parent strain
with the copy number of integrating construct and were not empirically
quantified and/or sequenced.

2.2. Media and growth conditions

All chemicals used in this study were from Sigma Aldrich unless
otherwise stated. For regular strain maintenance, transformation, and
subculturing, cells were grown in 10 g/L yeast extract, 20 g/L peptone,
and 20 g/L glucose (YPD). Media recipes used for all figures are listed in
Additional File 1. Unless noted otherwise, all overnight strain sub-
culturing was completed in 96 deep-well polypropylene square plates
with 500 pL YPD in a Multitron II platform shaker (Infors HT, Annapolis
Junction, MD, USA) at 1000 RPM (3 mm orbital radius), 30 °C, 85%
relative humidity. All production experiments were started at an initial
ODgp of 0.1. Optical density was determined by measuring absorbance
at 600 nm using a standard cuvette (10 mm lightpath) or a 96-well
microtiter plate (normalized to 10 mm lightpath) in a SpectraMax Plus
384 Microplate Reader (Molecular Devices, San Jose, CA, USA). All
strains (biological replicates and transformants) were first grown on
YPD agar plates (15 g/L agar), with appropriate fungal selection agents
followed by picking of individual colonies. Selection marker cassettes
with R. toruloides Tub2 promoter and terminator conferring resistance to
hygromycin, G418, nourseothricin, and zeocin at 50, 100, 100, 100 pg/
mL, respectively, were used in this study. Concentrated deacetylated,
mechanically refined corn stover hydrolysate (DMR) was obtained from
the National Renewable Energy Laboratory (Chen et al., 2016). Unless
noted otherwise, all experiments were performed in 48-well microtiter
plates consisting of 600 pL medium plus 200 pL pentadecane overlay (i.
e., 33% overlay; M2P Labs Flower Plate (MTP-48-B)) at 1000 RPM
agitation, 30 °C, 85% relative humidity, covered with a breathable
AeraSeal film (BS-25), and incubated in a Multitron II platform shaker.

For proteomics and metabolomics preparation in Fig. 8, colonies of
R. toruloides WT, B13, B16, and B19 were selected in biological
quadruplicate from YPD agar and subcultured in YPD overnight. The
next day, cells were inoculated into a 48-well flower plate containing a
DMR hydrolysate medium with pentadecane overlay at an initial ODggg
of 0.04 and 0.4 for WT and engineered strains, respectively (to capture
strains in the same growth phase at the sample collection time). In
addition to each biological replicate, three technical growth replicates
were included. Cells were cultured for 46 h, then stopped for intracel-
lular metabolomics extraction and proteomics preparation. For Fig. 7D,
biological quadruplicates of BO1, B02, and BO3 were harvested from a
glucose minimal medium at each time point (day 1, 3, and 5) for
proteomics.

2.3. Bioreactor cultivations

Pulsed feeding fed-batch fermentation was performed in 2 L
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(denoted as R1,3-4)) and 10 L (denoted as R2) double-walled glass
bioreactors (BIOSTAT B, Sartorius AG, Goettingen, Germany) equipped
with two 6-blade Rushton impellers, a dissolved oxygen (DO) probe
(OxyFerm FDA VP 225, Hamilton Bonaduz AG, Bonaduz, Switzerland),
and a pH probe (EasyFerm Plus VP 225, Hamilton Bonaduz AG). Dis-
solved oxygen was maintained at 20% by stir speed (400-1300 RPM for
R1,3-4; 317-800 RPM for R2) and air sparging (0.5-2.5 VVM). A 10%
solution of Antifoam 204 in water was used to reduce frothing. Tem-
perature was maintained at 30 °C. The pH was maintained at 5 using
10% NH4OH (R3,1-2) and NaOH (R4). Process values were monitored
and recorded using the integrated Sartorius data acquisition software
(BioPAT MFCS). Sugar consumption, ODggg, and bisabolene production
were measured over a period of 262 and 168 h for R3-4 and R1-2,
respectively. For R3-4,1-2, there were 800, 800, 700, and 3500 mL of
base medium with 270, 270, 270, 1350 mL Durasyn 164, Durasyn 164,
dodecane, and dodecane overlay, respectively. The feeding strategies for
R3,1-2 were periodic pulsing of a 800 g/L glucose stock solution when
glucose was nearly depleted, or 800 g/L glucose and 400 g/L ammonium
sulfate (AS) (R4). The feeding was stopped when a certain amount of
solution had been added to avoid frothing.

For R3-4, the seed train began with inoculating B22 strain into a
culture tube containing 3 mL of YPD. Then, 1% of the cells were trans-
ferred to a culture tube with 3 mL of 4-fold diluted base medium in
water. This was followed by transferring 1% of the cells to a 1 L baffled
flask containing 100 mL of 2-fold diluted base medium in water. The
entire 100 mL culture medium was inoculated into one tank for an initial
ODgoo of approximately 0.5. For R1-2, the seed train began with inoc-
ulating 0.5 mL B22 from several thawed glycerol stocks (previously
grown on YPD plates and saved after growing in YPD medium) into
several 250 mL baffled flasks with 50 mL YPD, grown for 1 day, followed
by a 100-fold dilution into a second 50 mL YPD 250 mL baffled flask for
another day at 30 °C, 200 RPM. These seed cultures were then inocu-
lated at a 10-fold dilution into 200 mL of 2-fold diluted base medium in a
1 L baffled flask at 30 °C, 200 RPM for 1 day. The two bioreactors were
then inoculated at an initial ODgpg of ~0.5 using 100 mL and 500 mL of
seed culture for R1 and R2, respectively. Base medium recipes are listed
in Additional File 1.

2.4. Metabolomics

After centrifugation and decanting, a fresh equivalent 1 mL of 6
ODggp (10 mm path length) worth of biomass underwent quenching and
extraction with 300 pL of ice-cold methanol, vortexed for 10 s, followed
by 300 pL of ice-cold chloroform with 10 s of vortexing, and finally 150
pL of water was added and vortexed for a final 10 s. Following 4 °C
centrifugation at 14000 RCF for 10 min, the top aqueous layer was
aspirated and centrifuged through a 500 pL. Amicon 3 kDa molecular
weight cut-off filter at 4 °C for 30 min (Millipore Sigma, Burlington, MA,
USA). After addition of 600 pL water, samples were frozen with liquid
nitrogen, lyophilized overnight, resuspended in 100 pL of a 1:1 mixture
of LC-MS-grade water and methanol, and transferred to glass vials for
analysis. Samples were analyzed alongside MVAP standards using a
hydrophilic interaction liquid chromatography time-of-flight mass
spectrometry (HILIC-TOF-MS) method described previously (Amer
et al., 2022).

2.5. Proteomics

Proteomic samples were prepared based on a previously established
protocol (Nakayasu et al., 2016). Global proteomics was performed
based on previously established protocol (Liu et al., 2023). Targeted
proteomics was performed using liquid chromatography selected reac-
tion monitoring (LC-SRM). Peptides were selected based on their spectra
counts in the global proteomics data. All the peptides were further
BLASTed to ensure their uniqueness to target proteins in the organism.
Crude synthetic heavy isotope-labeled (e.g., 13C/15N on C-terminal
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lysine and arginine) peptides were purchased from New England Peptide
(Gardner, MA) and spiked in the samples at a nominal concentration
before LC-SRM analysis. The analysis workflow follows the previously
established nanoflow LC-SRM method (Gao et al., 2020).

2.6. Sugar quantification

Sugars were quantified on an Agilent Technologies 1200 series HPLC
using an Aminex HPX-87C column (Bio-Rad 1250095) and refractive
index detector held at 35 °C. Prior to analysis, samples were diluted to
1:10 and filtered through a 0.45 pM polypropylene membrane micro-
plate filter (Agilent, 200983-100) by centrifugation at 3000 RCF for 3
min. Samples were run for 26 min using an isocratic HPLC-grade water
mobile phase at 0.6 mL/min and 85 °C. Quantification was completed
via peak area measurements compared to standard curves of pure
compounds within their linear range of detection.

2.7. Fatty acid methyl esters (FAME) analysis

Cells equivalent to 1 mL at 10 ODgoo were harvested and washed
with a PBS buffer. Fatty acids were extracted and derivatized to FAMEs
using a previously published method (Kim et al., 2020). The samples
were centrifuged at 1000 RCF for 1 min to separate the hexane phase,
which was collected and diluted 10-fold for analysis by GC-MS (Agilent
Intuvo 9000 system with a 5977B mass spectrometer and 7693A auto-
sampler) using a DB-wax UI column (30 m x 0.25 mm x 0.25 pm,
Agilent Technologies, USA). The temperature program was: 50 °C for 2
min; ramp to 190 °C at 30 °C/min; increased to 250 °C at 15 °C/min;
held at 250 °C for 10 min. The temperatures for the inlet, guard chip, MS
transfer line, and MS source were set at 250, 250, 250, and 230 °C,
respectively. The carrier gas flow rate was 1.2 mL/min and the injection
volume was 1 pL. Data were collected in full scan mode (50-500 m/z),
analyzed using MassHunter software, and quantified with a standard
curve of ten commercially available high-purity standards (C16:0,
Cl16:1, C17:0, C18:0, C18:1, C18:2, C18:3, C20:0, C22:0, and C24:0).

2.8. Bisabolene quantification

Bisabolene was quantified by adding a known amount of hexadecane
into the overlay of all experiments as an internal standard. At the end of
culturing, 1 pL of overlay was diluted into 1000 pL of ethyl acetate and
analyzed using GC-MS. Bisabolene and hexadecane peaks were inte-
grated with area ratios compared against a standard curve of known
mass ratios to peak area ratios of bisabolene to hexadecane. Using the
calculated mass ratio and known amount of hexadecane injected at the
onset of the experiment, mass and thus titer of bisabolene was deter-
mined. GC-MS analysis was performed on a single quadrupole Agilent
GC-MS 6890-5973 system (Agilent Technologies, Inc., Santa Clara, CA,
USA) equipped with an Agilent DB-5 ms capillary column (30 m length,
0.25 mm diameter, 0.25 pm film thickness) operated in electron impact
mode at 70 eV. 1 pL of sample was injected into the GC inlet in split
mode (1:20 split ratio) with the GC oven temperature held at 70 °C for 1
min, ramped to 220 °C at 30 °C/min, held for 1 min, with a 1.2 mL/min
helium carrier gas flow rate. The injection port and ion source temper-
atures were maintained at 200 °C and 230 °C, respectively. The mass
spectrometer was set to scan mode (m/z range 45-220).

2.9. Quantitative reverse transcription PCR

To verify ACC mRNA down-regulation by the weak promoter
candidate, QRT-PCR was carried out in a single tube using Luna® Uni-
versal One-Step RT-qPCR Kit (NEB, MA, USA) and CFX96 Touch Real-
Time PCR Detection System (BioRad, CA, USA). Mid-log phase cells
were used to extract total RNA using RNeasy Kit (Qiagen, Germany)
according to the manufacturer’s instructions. qRT-PCR conditions were:
45 °C for 10 min, 95 °C for 1 min, followed by 40 cycles of 95 °C for 10 s,
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and 60 °C for 30 s, and 65-95 °C for 5 s for the melt curve. ACTIN
(RTO4_14107) was used as a reference gene and ACC of BO2 was used as
a calibrator.

2.10. Maximum theoretical yield calculations

Flux balance analysis was performed using COBRApy (Ebrahim et al.,
2013) on the most recent model of R. toruloides metabolism (Kim et al.,
2020) to calculate the maximum theoretical yields of bisabolene from
glucose and xylose by maximizing flux toward bisabolene subject to zero
biomass production and lipid accumulation, elimination of manually
curated futile NADH/NADPH cycles, and considerations of recent
D-xylose metabolism and cofactor usage in R. toruloides (Adamczyk
etal., 2023). The final calculated values were 0.1983 mol bisabolene per
mol xylose and 0.2407 mol bisabolene per mol of glucose.

2.11. Marker recycling

Selected constructs were designed to have a selectable marker in
tandem with thymidine kinase from herpes simplex virus, flanked by
short homology arms (Alexander et al., 2014). Once successful strains
were identified for marker recycling, subculturing in YPD overnight was
followed by next-day plating of an aliquot onto the counter-selective
plate of YPD agar with 1000 pg/mL 5-fluoro-2-deoxyuridine (FUdR).
Thymidine kinase converts the counterselective agent FUdR into
fluoro-dUMP, inhibiting thymidylate synthase protein, an essential
enzyme converting deoxyuridine monophosphate to deoxythymidine
monophosphate in nucleic acid metabolism (Shao et al., 2016). Thus,
viable colonies on the selection plates are expected to have spontaneous
excision of both the selectable marker and thymidine kinase, which were
subsequently verified via PCR and lack of growth on a selective plate
containing the targeted marker for recycling.

2.12. Codon optimization

Plasmids with heterologous gene expression were codon optimized
via the high-codon adaptation index method (i.e., the most frequently
used codons in R. toruloides’ genome; HC) and using GenScript’s in-
house codon optimization method (GO). Genes were codon-optimized
based on a custom R. toruloides IFO0880 codon usage table described
in Additional File 1 (Grigoriev et al., 2014).

2.13. Statistical analysis

For all direct comparisons of growth and bisabolene described in the
text, we use a 2-tailed independent (equal variance) t-test. For statistical
analysis of proteomic data we used a combination of parametric
(ANOVA with post-hoc Tukey test on intensity scores) and non-
parametric tests (G-test on peptide abundance/absence) as previously
described for proteomic intensity data with missing values
(Webb-Robertson et al., 2010). P-values were then corrected for multi-
ple hypothesis testing with the Benjamini-Hochberg procedure
(Benjamini and Hochberg, 1995)

3. Results
3.1. AgBIS and upper MVAP overexpression

To improve bisabolene production, we sought to increase the copy
number of the bisabolene synthase and overexpress the mevalonate
pathway (Fig. 1). Two vectors, expressing one and three copies of AgBIS,
respectively, driven by strong native promoters including Gapdh, Ant,
and Tef1 (Nora et al., 2019) were randomly integrated via AtMT onto the
genome of parent strain GB1 from Kirby et al. (2021) already containing
10 copies of AgBIS (Fig. 2A). The large variance for both violin plots is
typical of AtMT due to contemporaneous exploration of copy number
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ACC
MalCoA \ \ Bisabolene \
AcCoA ATm
’ AgBIS

Species

R. toruloides

S. cerevisiae

A. grandis

ERG8 ERG19

Fig. 1. Map of native R. toruloides metabolism overlaid with heterologous
MVAP from S. cerevisiae and bisabolene synthase integrated in this study.
AcCoA, acetyl-CoA; AcAcCoA, acetoAcCoA; HMG-CoA, 3-hydroxy-3-methylglu-
taryl-CoA; NAD(P)(H), nicotinamide adenine dinucleotide (phosphate)
(reduced); MVA-5P, mevalonate-5-phosphate; MVA-5PP, mevalonate-5-pyro-
phosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophos-
phate; GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate; ATP,
adenosine triphosphate; MalCoA, malonyl-CoA; ERG10, acetyl-CoA C-acetyl-
transferase; ERG13, HMG-CoA synthase; tHMG1, (truncated) HMG-CoA
reductase; ERG12, mevalonate kinase; ERG8, phosphomevalonate kinase;
ERG19, mevalonate diphosphate decarboxylase; IDI1, IPP delta isomerase 1;
ERG20, FPP synthase; AgBIS, bisabolene synthase from Abies grandis, ACC,
AcCoA carboxylase (RTO4.8639). TAGs (triacylglycerols) are the main
component of lipids produced in R. toruloides.

and integration sites. The top strain from Fig. 2A (i.e., B09), which
contains at least 13 copies of AgBIS, was randomly integrated with a
construct containing the first three S. cerevisiae MVAP genes—ScERG10,
ScERG13, and SctHMGI—each driven by strong promoters. We used
S. cerevisiae MVAP genes since they are proven to yield high-titer strains
(Meadows et al., 2016) and can possibly bypass native R. toruloides
regulation. A truncated version of SCHMGI (i.e., SctHMG1) was used in
this study, which only expresses the soluble catalytic domain of
HMG-CoA, and truncates the regulatory transmembrane domain
(Donald et al., 1997; Ro et al., 2006). Codon optimization was done via
the most frequently used codons in the R. toruloides genome (high
codon-adaptation index; HC) and GenScript’s algorithm (GO). To
highlight the robustness and applicability of the engineered strains in
the context of a relevant renewable feedstock, transformants were
cultured in concentrated DMR (a lignocellulosic hydrolysate prepared
from corn stover by deacetylation and mechanical refining followed by
enzymatic hydrolysis) at 120 g/L total sugar (2:1 glucose:xylose) (Chen
et al., 2016), which yielded very similar final bisabolene titers (Fig. 2B).
The top transformant of Fig. 2B (i.e., B11) was isolated and compared
against two controls (Fig. 2C). Three DMR recipes explored different
buffers and concentrations since R. toruloides exhibits pH drops solely
with ammonium sulfate (AS) as the nitrogen source, affecting total
carbon utilized (Yaegashi et al., 2017). Conversely, pH increases with
amino acid and urea-based recipes. 200 mM total phosphate performed
the best, although not statistically different amongst top strains. This
indicated benefits of controlled pH and/or phosphate nutrient supply. In
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Fig. 2. Effect of additional AgBIS copies, codon optimization, partial MVAP integration, and buffers on bisabolene titers. (A) Bisabolene titers of strains over-
expressing one or three copies of AgBIS in GB1. Left and right violin plots represent n = 78 and n = 286 transformants, respectively, grown on YPD. (B) Bisabolene
titers of B10 and B11 strains that expressed the first three S. cerevisiae MVAP genes, which were codon optimized via two methods. Left and right violin plots
represent 96 and 286 transformants, respectively, grown on DMR. (C) Bisabolene titers of strain B11 compared against two parent strains in DMR media with 3
different buffers. GB1 and GB2 are published strains from Kirby et al. (Kirby et al., 2021). Each plus symbol (+) indicates an independent round of integration of a
construct containing the indicated genes. A minus symbol () indicates absence of the genotype. Individual points and bar plots represent n = 6 biological replicates
and their average, respectively. MES, 2-(N-morpholino)ethanesulfonic acid; PO4, dibasic and monobasic phosphate buffer. ns, p > 0.05; *, 0.01<p < 0.05; **,

0.001<p < 0.01; ***, 0.0001<p < 0.001; **** p < 0.0001.
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addition to B11, we further selected additional top transformants of
Fig. 2B and observed similar behavior (Supp Fig. 1). Strains B11 showed
~50% titer improvement relative to the parent strain (B09) indicating
that endogenous MVAP flux was limiting.

3.2. Impact of full MVAP incorporation

The high-performance strain from Fig. 2C (i.e., B11) was randomly
integrated with the remaining five genes of the S. cerevisiae MVAP—S-
cERG12, ScERG8, ScERG19, ScIDI1, ScERG20, each driven by strong
promoters (Gapdh and Tefl)—via AtMT using the same two codon
optimization methods and cultured on ~120 g/L total sugar DMR
(Fig. 3A). Unlike Fig. 2B, there was a vast difference between trans-
formants for each codon optimization method utilized, with peak GO
titers ~75% higher than peak HC titers. This demonstrated that at least
one or more genes greatly benefited from the alternate GO optimization
algorithm which, surprisingly, only deviated <3% (DNA sequence) from
the HC method. This may be due to mRNA secondary structural differ-
ences, mRNA decay rates, and/or a complex multitude of reasons dis-
cussed elsewhere (Y. Liu et al., 2021; Trotta, 2013; Tuller and Zur, 2015;
Tuller et al., 2010).

With much improvement upon full MVAP integration, additional
copies of the last five MVAP genes were randomly integrated into B13
(Fig. 3B). Although partially obfuscated by the increased sugar con-
centration (150 g/L), titer was not improved, and pointed to imbalanced
expression of one or more of the five terminal S. cerevisiae genes or a
bottleneck upstream.

Previous work from Kirby et al. identified potential metabolic bot-
tlenecks from multi-omics data collected from engineered bisabolene
strains (Kirby et al., 2021). Briefly, endogenous HMG1, ERG12, and
ERG8 were suspected rate-limiting steps due to poor expression and
feedback regulation, and various orthologs were tested—Methanosaeta
concilii mevalonate kinase (McMK), Streptococcus pneumoniae phospho-
mevalonate kinase (SpPMK), and Silicibacter pomeroyi NADH-dependent
HMGR (SpHMGR), driven by medium-strong (Skp1), medium (Duf543),
and strong (Ant) promoters, respectively—which we randomly inte-
grated into B13 and screened on 150 g/L DMR (Fig. 3B, Additional File
1). Surprisingly, no titer improvement was noted possibly due to low
expression.

Fig. 4 shows time-course batch titers of high-performance strains
from Fig. 3. Assuming a linear increase in titer from 120 to 150 g/L total
sugar, we can infer that B15 does not improve bisabolene yield, similar
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to Fig. 3. Moreover, maximum productivity for each strain was only
0.066 and 0.054 g/L/h for B13 and B15, respectively, possibly due to the
inhibitory and osmotic effects of high DMR sugar concentration and
growth defects. Interestingly, productivity of B13 is almost exactly
linear, with productivity being equal between days 5, 6 and days 6, 7
(0.066 and 0.065 g/L/h, respectively).

In an attempt to further alleviate pathway bottlenecks and improve
bisabolene production, additional combinations of the first three, last
five S. cerevisiae, and three non-fungal MVAP genes were explored
(Fig. 5). The most significant finding is the obvious titer improvement
for strains that have the first three MVAP genes integrated twice,
highlighting the need for pathway expression balancing.

3.3. Additional bisabolene synthase expression

With optimized combinatorial MVAP overexpression from Fig. 5, we
expected an increase in carbon flux through the pathway which may
lead to enhanced FPP levels. Thus, overexpression of additional AgBIS
copies was revisited in the high-performance strain B15 (Fig. 6A), with
the best strains compared to the control (Fig. 6B). A total of 96 unique
transformants were screened, out of which 5 top strains were selected
for further validation. Only B22 showed a modest, statistically signifi-
cant improvement over the parent B16, indicating that AgBIS expression
does not seem to be rate limiting at this point.

3.4. Preliminary evaluation of ACC attenuation

Next, as a proof of principle, we sought to mitigate flux toward lipids,
the major carbon sink in this organism, which directly competes with
bisabolene production for AcCoA (Fig. 1). Essential for growth, AcCoA
carboxylase (ACC) can only be attenuated and is the first step in
R. toruloides TAG accumulation (Castaneda et al., 2018). Therefore, the
native ACC promoter was replaced by a weak promoter candidate
(Pw21; RTO4.15782) mined from transcriptomics data, generating
strain BO3 (Coradetti et al., 2018; Kim et al., 2020; Nora et al., 2019),
that was evaluated for its impact on total fatty acid content and ACC
transcript levels (Fig. 7A and B). Statistically significant reduced fatty
acid content and lowered transcripts were observed in strain B03. Then
B03 and B02 (an auxotrophic parent strain of B03 useful for repeated
genetic transformations) were integrated with a single copy of AgBIS
(BO5 and BO04, respectively) at the CAR2 locus (RTO4_8589) under the
medium-strong constitutive Gapdh promoter (Nora et al., 2019) and

121
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Fig. 4. Titer time course and effect of DMR hydrolysate concentration on bisabolene titers. Solid lines indicate average of biological replicates; solid dots indicate
individual data points for each biological replicate (n = 4 and 8 for B13 and B15, respectively) per time point; shaded region indicates 100% percentile interval.
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tested for bisabolene production, which resulted in a ~7-fold higher
titer vs control (Fig. 7C). Finally, targeted proteomics confirmed that
B03 ACC levels are lower, with the largest difference of 5.4-fold and
4.1-fold versus BO1 (the parent of BO2) and B02, respectively, at day 1,
and ~2.5-fold lower for days 3 and 5. Likely a compensatory response to
the decreased ACC levels, fatty acid synthase complex enzymes (FAS1,
FAS2) immediately downstream of ACC, showed ~1.8-fold higher
expression in B03.
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3.5. Multi-omics analysis

To identify potential bottlenecks, we performed quantitative intra-
cellular metabolomics and proteomics of MVAP metabolites and en-
zymes on strains from Fig. 5 (Fig 8). Notably, despite high demand (9
mol AcCoA per mol bisabolene) in the engineered strains, intracellular
AcCoA levels were relatively stable relative to WT, indicating decent
flux toward this node (Fig. 8A). This trend was similar for FPP and
combined DMAPP/IPP pools (Fig. 8A). In contrast, MVA was the most
accumulated intracellular metabolite, peaking at 90-fold vs WT for B19,
but only 2-fold for B13 although sharing a similar titer. This is likely a
consequence of the well-documented negative feedback regulation of
mevalonate kinases by many organisms from downstream MVAP me-
tabolites, including S. cerevisiae (Gray and Kekwick, 1972). Further-
more, the stark increase of MVA in B16 and B19 relative to B13
positively correlates with the number of independent integrations of the
first 3 ScERG genes. The downstream metabolites (MVA5P, MVA5PP)
are relatively more accumulated vs WT (for all strains), prioritizing them
as primary bottlenecks. Generally, an imbalanced pathway can lead to
diminished thermodynamic driving force and lead to cytotoxicity, as
seen in Escherichia coli (Martin et al., 2003) and Bacillus subtilis (Kazieva
et al,, 2017; Primak et al., 2011; Sivy et al., 2011). Intracellular
HMG-CoA levels are about 15-fold lower and in some replicates, none
detected vs WT, suggesting sufficient NADPH reducing power. But
without detection of AcAcCoA, it is difficult to conclude if low HMG-CoA
levels in the engineered strains are due to unbalanced expression of
ScERG10 and/or ScERG13 (relative to tHMGR). Based on available
relative intracellular metabolomics, SCERG19 is the primary bottleneck
of the bisabolene production pathway (followed by SCERG8, SCERG12);
however, DMAPP/IPP were not separately distinguished and may reveal
another bottleneck.

In addition to MVAP intermediates, the energy and redox state of the
engineered strains were measured (Fig. 8B). While NADH is not the
cofactor used in the MVAP, there was a uniform ~35% increase in cu-
mulative NAD/NADH pools and very different redox ratios relative to
WT, a thermodynamic parameter used to calculate in vivo flux ratios
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(forward flux to reverse flux), indicative of reaction efficiency (Park
et al., 2016). Specifically, there was a significant increase in the redox
ratio of NAD/NADH in B16, B19 strains (44% and 54%, respectively),
thermodynamically favoring an increased flux ratio of more oxidative
reactions such as glyceraldehyde-3-phosphate dehydrogenase and py-
ruvate dehydrogenase of lower glycolysis. Interestingly, B13 exhibited
an NAD/NADH ratio ~33% lower than WT. These changes in concen-
tration and altered ratios may improve net forward flux through
glycolysis to support growth, lipid accumulation, and bisabolene de-
mand. Furthermore, the altered NAD/NADH ratios may also affect in
vivo redox potential of oxidative phosphorylation and ATP production.

The engineered MVAP and most of TAG biosynthesis pathway utilize
NADPH as the required cofactor (6 mol NADPH for 1 mol bisabolene),
requiring large flux through oxidative pentose phosphate pathway
(OPPP); however, NADPH levels of B16, B19 are very similar to WT
(except B13 was ~43% increased).

As for ATP concentrations, all the engineered strains displayed ATP
levels ~50% that of WT, a consequence of the high 12 mol ATP for 1 mol
of bisabolene demand. Together, these results might inform future en-
gineering strategies such as internal or external redox potential engi-
neering (Lin et al., 2010; Liu et al., 2017).

Targeted and global proteomics (Fig. 8C) demonstrated that all
heterologous S. cerevisiae MVAP genes were successfully expressed in
R. toruloides. Notably, the lack of (or very poor) expression of McMK,
SpPMK, and SpHMGR, is consistent with the lack of debottlenecking and
titer improvement of such strains in Figs. 8A and 5, respectively. Despite
multiple rounds of transgene integrations, only SctHMG1 and ScERG10
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display increased expression relative to B13 (4-fold increase in B16, B19
and 2-fold in B19, respectively). Conversely, the mean expressions of
ScERG8 and ScERG19 are ~45% and ~35% lower, respectively, in both
B16, B19 relative to B13, possibly due to spurious recombination events
from repetitive integration of large identical constructs. However, we
qualitatively see that the lowest expressed genes (ScERG12, ScERGS,
ScERG19) agree well with observed metabolite bottlenecks. Altogether,
the marginal titer improvements, excess intracellular MVAP metabolite
accumulations, and minimally increased expression levels upon repeti-
tive integrations of the entire S. cerevisiae MVAP indicate insufficient
expression (and/or activity) of key enzymes, post-translational negative
regulation of MVAP enzyme activities from downstream intermediates,
and/or other metabolite-driven regulatory mechanisms (Andreassi
et al., 2004; Burg and Espenshade, 2011; Dorsey and Porter, 1968; Gray
and Kekwick, 1972; Guerra et al., 2021; van der Horst et al., 2020;
Voynova et al., 2004). Additionally, aside from the obvious MVAP
bottlenecks, we also observed significantly differentially expressed
genes in global proteomic data. These include genes related to amino
acid metabolism, lipid degradation, and possibly post-translational
regulation via acetylation (Supp Fig. 2, Additional File 2). These genes
may be promising non-intutive targets for further strain optimization,
and further investigation are needed to understand their metabolic im-
plications and identify any potential bottlenecks.

3.6. Heterologous mevalonate kinase expression

With the lack of titer improvement from integration of SpHMGR,
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McMK, and SpPMK (Fig. 5), additional mevalonate kinases (codon
optimized via two methods) were explored in addition to a recently
characterized pentose metabolism transcription factor activator (Pnt1)
shown to improve fatty alcohol titers and xylose uptake rates (Coradetti
et al., 2023) (Fig. 9). All of these transgenes were driven by the same
strong Tefl promoter from R. graminis that has sufficient sequence
divergence from the native Tef1 locus to reduce disruptive integration of
the overexpression construct at that locus. Unlike Fig. 3A, codon opti-
mization did not confer any benefit genes screened. Moreover, over-
expression of Pntl generally did not improve titers as the improved
xylose uptake rates were likely diminished during diauxic growth,
demonstrated in Coradetti et al. (2023). Mevalonate kinase from M.
concilii (Kazieva et al., 2017) tested previously (Fig. 5) with a weaker
promoter and codon optimized (via HC) was tested again with a stronger
promoter and GO codon optimization, but still did not improve titers
(Fig. 9). Mevalonate kinases from M. mazei and M. paludicola were also
tested (Kazieva et al., 2017; Primak et al., 2011), which are feedback
resistant to downstream MVAP intermediates, with the top MmMK
transformant achieving 14.7 g/L bisabolene, 15% above B16 average
titers, and having a peak yield of 36% MTY, the highest in the literature
from a biomass hydrolysate.

3.7. Media optimization

Next, we explored the impacts of DMR total sugar concentrations, C:
N ratios, trace metals, and alternative nitrogen sources (Supp Fig. 3).
Each sugar concentration at 10 g/L ammonium sulfate (AS) yielded the

100

highest average titers (statistically similar to 5 g/L AS), with 150 g/L the
highest overall (Supp Fig. 3A). This trend correlates the highest C:N
ratios with highest titers (for each sugar concentration), highlighting
lipid accumulation during nitrogen starvation likely modulates AcCoA
pools, thus MVAP flux (Coradetti et al., 2018; Lopes et al., 2020; Nicaud
et al., 2017).

Next, a low-sugar DMR baseline with AS was replaced by alternative
nitrogen sources or supplemented with trace metals and vitamins (Supp
Fig. 3B). The addition of zinc sulfate was the only statistically significant
trace metal that improved titer over baseline. Zinc—an essential
cofactor of E. coli IDI (Carrigan and Poulter, 2003)—may also directly
affect R. toruloides MVAP IDI flux. Moreover, zinc is a cofactor involved
in lipid synthesis and desaturation, which has dramatically affected
R. toruloides fatty alcohol titers and is a cofactor of yeast alcohol dehy-
drogenase (Vallee and Hoch, 1955; Wu et al., 2023). Although not sta-
tistically significant, the next three ranked trace components (cadmium
chloride, cobalt chloride, silver nitrate) might confer some titer benefit,
likely as inhibitors or effects from the conjugate salts. Corn steep solids
almost recapitulated baseline titers and warrants further investigation.
Lastly, to identify peak batch titers, top strains from Fig. 5 were cultured
on 300 g/L total sugar DMR with 10 g/L AS or 10 g/L yeast extract
(Fig. 10). Preliminarily, yeast extract is not a suitable AS replacement, at
least at 10 g/L. The peak bisabolene titer of 20.8 g/L (25.4% MTY) is the
highest titer ever reported in the literature for any organism.
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3.8. Bioreactor cultivation

With success in microtiter batch scale, we decided to assess strain
performance of the most highly engineered strain B22 in a fed-batch
fermentation with a glucose synthetic defined medium at two scales
(R1, 2 L and R2, 10 L) with identical pulsed glucose feeding strategies
(Fig. 11). For nearly all metrics for all time points, R1 outperformed R2,
likely due to mixing and mass transfer inefficiency, as noticed by
overlay-aqueous phase separation in R2. Relative to the hydrolysate
(R3), average R1 productivity (0.11 g/L/h), biomass reading (100
ODgqp), and bisabolene titer (19.3 g/L) were 75%, 60%, and 5% higher,
but with slightly lower yields (19% and 15% MTY for R1 and R2,
respectively). Notably, the productivity for R1 is the highest reported in
the literature for bisabolene in any system and host configuration.
Interestingly, bisabolene production in R1 continued after depletion of
sugars, presumably due to consumption of accumulated lipids.

Additionally, we completed two 2 L fed-batch bioreactor experi-
ments with DMR (Supp Fig. 4). Certain C:N ratios strongly trigger
lipogenesis and can possibly alter titers for AcCoA-derived bioproducts,
so each experiment explored different pH adjustment and carbon
feeding strategies; namely, ammonium hydroxide base with a separate
pure glucose feed (R3) or sodium hydroxide base with a separate, mixed
glucose and AS feed (R4). The peak aqueous-normalized titers 18.3 and
14.6 g/L for R3 and R4, respectively, were very similar considering a
nearly 2-fold difference in peak biomass OD readings, corresponding to
an estimated higher biomass yield of R3. However, it is unclear whether
this corresponds to cell dry weight yields, as the effects of lipid accu-
mulation (due to C:N ratios) and cell morphology on OD measurements
is not well understood. See Supplementary Table 1 for a summary of
bioreactor key metrics and process parameters.
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Fig. 11. Time-course key performances of glucose fed-batch bioreactor experiments of strain B22. Bioreactor runs with at 2 L and 10 L scales with an identical
defined glucose medium feeding strategy starting with a minimal medium base recipe (R1 and R2, respectively). More details are included in Supplementary Table 1.

4. Discussion

Recently, a techno-economic analysis and life cycle assessment
analysis combined with R. toruloides genome-scale metabolic modeling
was completed for bisabolene production (Baral et al., 2024). Baseline
cost modeling parameters were sorghum pretreated with ionic liquids
followed by enzymatic saccharification to yield ~95 g/L glucose and
~68 g/L xylose, bisabolene at 90% MTY, and 36-h production time. This
equates to ~40 g/L bisabolene, and a productivity of ~1.1 g/L/h, which
far exceeds any published results. In a biorefinery without biogenic
carbon dioxide and cell debris waste upgrading, the minimum selling
price (MSP) of bisabolene (with no policy incentives) is over the pro-
jected 2050 conventional jet fuel price ($0.78/L) but under the high oil
price scenario ($1.4/L). However, with policy incentives, cost parity
MSP ($0.78/L) requires bisabolene yield ~30% MTY, ~13 g/L titer, and
0.37 g/L/h productivity. Sensitivity analysis on MSP concluded more
effect from glucose bioconversion yields than xylose, that productivity
adds ~$0.50/L for every 36 h of duration, and hydrogen cost (for alkene
saturation) is the most influential factor determining MSP. Overall, this
analysis allows us to benchmark our strains and indicates that with
appropriate policy incentives, current titers, rates, and yields demon-
strated in this work are nearly sufficient to reach cost parity.

With evident MVAP intermediate accumulation (Fig. 8), future work
will systematically test feedback-resistant homologs of MK, PMK, and
mevalonate diphosphate decarboxylase, as well as optimize MVAP
expression levels. Peroxisomal MVAP compartmentalization to reduce
competition with cytosolic MVA intermediates may prove useful (Gerke
et al.,, 2020; Zhao et al., 2023). Additionally, non-intuitive targets
remain to be explored including homologs of uncharacterized
S. cerevisiae targets ROX1, ayjl064w, and yjlo62w that improved yeast
bisabolene titers (Giaever et al., 2002; Jakociunas et al., 2015; Ozaydm
et al., 2013). Moreover, in this study we have explored a range of trace
metals and identified significant impacts from zinc. Further studies will
be needed to understand how zinc regulates the pathways, as well as
explore into MVAP transcriptional activator/repressor homologs and/or
chemical regulation of competing squalene synthase (Broker et al.,
2018; Kaliszewski et al., 2008; Paddon et al., 2013). Furthermore,
exploration of cost-effective genetic and non-genetic switches for
biphasic growth-production (e.g., maltose switch utilized by Amyris)
may further enable reduced costs in continuous fermentation (Moore
et al., 2022; Pooth et al., 2020; Sandoval et al., 2014; Zhang et al., 2022).
Similarly, to avoid possible redox imbalance and excess carbon loss via
the oxidative pentose phosphate pathway, replacement of
NADH-dependent HMG-CoA reductase and transhydrogenase expres-
sion is justified. Likewise, for every mol of bisabolene, 4 mol of carbon
are lost via decarboxylation, prioritizing implementation of
non-oxidative glycolysis to conserve carbon from glucose to AcCoA

102

(Bogorad et al., 2013). These strategies are proven in S. cerevisiae to
produce farnesene titers of ~105 g/L (Meadows et al., 2016).

Lignocellulosic feedstocks have increased sugar yield potential per
land area and overall great abundance (Brown et al., 2024); however,
second generation biofuels do not dominate over their first generation
counterparts—bioethanol, biobutanol, biodiesel, and biogas—chiefly
due to deconstruction and bioconversion difficulties. As such, we
emphasize that biomass hydrolysate was the main carbon source in this
work, highlighting the robustness of engineering R. toruloides for bio-
fuels and biochemicals.

5. Conclusion

In this work, we explored combinatorial overexpression of the
complete eight-gene S. cerevisiae MVAP, attenuation of competing fatty
acid biosynthesis pathway, and process optimization in R. toruloides and
achieved 20.8 g/L bisabolene in corn stover hydrolysate, the highest
reported titer to the best of our knowledge. Multi-omic analysis deter-
mined that MK, PMK, and/or mevalonate diphosphate decarboxylase
are the rate limiting enzymes due to accumulation of their upstream
substrates and their qualitative protein abundance being the lowest
amongst the MVAP. To reach cost parity with oil-derived fuels, future
work will need to improve performance metrics via a multifaceted
approach, including optimizing fermentation parameters, further
rational engineering, mutagenesis, and strain sequencing. This work
contributes to the generation of a terpene platform strain overexpressing
MVA intermediates up to FPP, enabling versatile production of various
terpenes including limonene, valencene, squalene, 2,3-oxidosqualene,
and p-carotene.
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