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A B S T R A C T   

Terpenoids have tremendous biological activities and are widely employed in food, healthcare and pharma-
ceutical industries. Using synthetic biology to product terpenoids from microbial cell factories presents a 
promising alternative route compared to conventional methods such as chemical synthesis or phytoextraction. 
The red yeast Rhodotorula mucilaginosa has been widely studied due to its natural production capacity of 
carotenoid and lipids, indicating a strong endogenous isoprene pathway with readily available metabolic in-
termediates. This study constructed several engineered strains of R. mucilaginosa with the aim of producing 
different terpenoids. Monoterpene α-terpineol was produced by expressing the α-terpineol synthase from Vitis 
vinifera. The titer of α-terpineol was further enhanced to 0.39 mg/L by overexpressing the endogenous rate- 
limiting gene of the MVA pathway. Overexpression of α-farnesene synthase from Malus domestica, in combina-
tion with MVA pathway rate-limiting gene resulted in significant increase in α-farnesene production, reaching a 
titer of 822 mg/L. The carotenoid degradation product β-ionone was produced at a titer of 0.87 mg/L by 
expressing the β-ionone synthase from Petunia hybrida. This study demonstrates the potential of R. mucilaginosa as 
a platform host for the direct biosynthesis of various terpenoids and provides insights for further development of 
such platforms.   

1. Introduction 

Terpenoids are naturally occurring compounds with diverse prop-
erties that have a wide range of potential applications, such as in 
pharmaceuticals [1], advanced biofuels [2], fragrances [3] and pre-
servatives [4]. Nevertheless, the challenges of poor yields and compli-
cations in subsequent separation pose major barriers to the direct 
extraction of terpenoids from plants. Therefore, producing terpenoids 
through microbial cell factories emerges as an appealing alternative that 
may overcome the aforementioned bottleneck and facilitate more sus-
tainable production to meet the growing market demands. In this re-
gard, the synthetic biology approach has been shown to be successful in 
the production of terpenoids over the past decade [5–8]. 

Generally, two distinct biochemical pathways are known in nature 
for terpenoids biosynthesis: the mevalonate (MVA) pathway and the 2- 

C-methyl-D-erythritol 4-phosphate (MEP) pathway [9]. There are sig-
nificant differences between the MVA pathway and the MEP pathway 
with regards to the location of synthesis, synthetic precursors, and the 
enzymes involved. The MEP pathway is found mostly in prokaryotes and 
the plastids of plants, while the MVA pathway is mainly present in the 
cytoplasm of eukaryotes [10–12]. As universal precursors of iso-
prenoids, isopentenyl diphosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) are derived from both pathways. Then, IPP and DMAPP 
are condensed to form pyrophosphate precursors with different chain 
lengths, including geranyl diphosphate (GPP), farnesyl diphosphate 
(FPP), and geranylgeranyl diphosphate (GGPP). Terpenoids are syn-
thesized through a series of enzymatic reactions, which include isom-
erization, cyclization, and modification of precursor molecules. 

Red yeasts in the genus Rhodotorula have gained prominence in 
recent years as prospective eukaryotic hosts in industries such as 
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medicine, agriculture, flavors, fragrances, cosmetics, and nutrition. In 
particular, Rhodotorula mucilaginosa, isolated from a variety of habitats, 
like soil, water and sea salt fields [13–16], exhibits the ability to utilize a 
wide range of substrates, including glycerol, sugarcane, wheat straw 
hydrolysate and various agricultural waste materials [17,18]. Moreover, 
R. mucilaginosa is capable of synthesizing a diverse range of bioactive 
compounds, including carotenoids, astaxanthin, polyunsaturated fatty 
acids, vitamin E and nucleotides [19–21]. Furthermore, the extracellular 
polysaccharides and special enzymes produced by R. mucilaginosa 
exhibit significant promise in several industries, such as pharmaceuti-
cals, food, and biochemicals [14,16]. While wild-type R. mucilaginosa 
strains have been documented to synthesize carotenoids [19], to the best 
of our knowledge, genetic engineering of R. mucilaginosa has not been 
reported for overproduction of terpenoids. In this study, 
R. mucilaginosa’s ability to produce terpenoids such as α-terpineol, 
α-farnesene and β-ionone was investigated through heterologous 
expression of different terpenoid biosynthesis genes. This is a first study 
that focuses on engineering the MVA pathway along with terpenoid 
enzymes in R. mucilaginosa. 

2. Materials and methods 

2.1. Strains, media, and culture conditions 

The details of all the strains used in this study are given in Table S1. 
R. mucilaginosa JY1105 (CGMCC 2.6826) was used as parent strain for 
genetic engineering. R. mucilaginosa was cultured in YPD medium (20 g/ 
L glucose, 10 g/L yeast extract and 20 g/L peptone) at 30 ◦C and 200 
rpm. Escherichia coli DH10B (or Fast-T1) and Agrobacterium tumefaciens 
AGL1 were cultivated in Luria-Bertani medium (10 g/L NaCl, 10 g/L 
tryptone and 5 g/L yeast extract) at 37 ◦C and 30 ◦C, respectively. 
Kanamycin (50 μg/mL) was added to LB medium when necessary. An-
tibiotics were used at the following concentrations: hygromycin of 50 
μg/mL, nourseothricin of 50 μg/mL and cefotaxime of 300 μg/mL. For 
shake-flask culturing, the engineered strains were cultured in YTD50 
medium (25 g/L tryptone, 10 g/L yeast extract and 50 g/L glucose, pH 
6.0). 

2.2. Construction of plasmids and strains 

Plasmids used in this study are shown in Table S2. The α-terpineol 
synthase gene (aTS,GenBank: AAS79352.1) from Vitis vinifera, the 
α-farnesene synthase gene (FS, GenBank: NM_001293893) from Malus 
domestica, and the β-ionone synthase gene (CCD1, GenBank: 
AAT68189.1) from Petunia hybrida were subjected to codon optimiza-
tion according to the codon preference of the closely related red yeast 
Rhodosporidium toruloides [22] and synthesized by SynBio Technologies 
(Suzhou, China). These optimized synthetic genes have been deposited 
into the database of NCBI (aTS, Accession Number OQ983656; FS1, 
Accession Number PP092216; FS2, Accession Number PP092217; CCD1, 
Accession Number PP092218). DNA sequences of codon-optimized 
terpene synthases were shown in Table S4. The truncated 3-hydroxy-3--
methylglutaryl-CoA reductase gene (tHMG1) was amplified from the 
plasmid p424-tHMG1 [23]. ERG20 (GenBank: CP046090) was amplified 
from the Saccharomyces cerevisiae genome and then mutated to ERG20ww 

(F96 W/N127W). DNA fragments were amplified by polymerase chain 
reaction (PCR) using PrimeSTAR Max DNA Polymerase (Takara). All 
plasmids were constructed by restriction-free cloning method [24]. The 
genotypes of all transformed strains were confirmed by colony PCR, 
followed by sequencing. All primers used in this study were listed in 
Table S3 (Synbio Technologies, Suzhou, China). Sangon Biothech Co. 
Ltd. (Shanghai, China) provided the DNA gel purification and plasmid 
extraction kits. The genes of interest were transformed into 
R. mucilaginosa using the Agrobacterium tumefaciens-mediated trans-
formation method, according to a previously reported protocol [25]. 

2.3. Preliminary screening and shake-flask culturing 

For preliminary screening, pure transformed colonies were inocu-
lated into 24-well plates with 3 mL of YPD medium and cultivated for 24 
h to prepare seed cultures. 2 mL of seed cultures were inoculated into a 
6-well deep-hole plate with 18 mL of YTD50 medium and cultivated at 
30 ◦C, 200 rpm for 96 h. 

For shake-flask culturing, a single transformed colony was inocu-
lated into 20 mL of YPD medium and cultured in 100-mL shake flask for 
24 h to prepare the seed culture. Then, 5 mL of the seed culture was 
inoculated into 45 mL of YTD50 medium in 250-mL shake flask, and 
cultured at 30 ◦C and 200 rpm until the total glucose was used in 
fermentation media. 

2.4. Western blot analysis 

Cells were taken from 2 mL of overnight culture of each transformant 
in YPD medium, then the cell mixture was broken using high-speed 
shaking at 4.0 m/s for 45 s, and the process was repeated 5 times with 
3-min intervals of an ice bath between each round of shaking. The su-
pernatants were recovered by centrifuging the suspensions at 12,000 g 
for 3 min. The total proteins were separated using SDS-PAGE with 12 % 
polyacrylamide gels and transferred to the BioTrace™ NT nitrocellulose 
membrane (Pall, Beijing, China). P2A antibody was used as the primary 
antibody to probe the antigens, and secondary goat anti-mouse IgG (H +
L) that was HRP-labeled was used. Finally, a DAB horseradish peroxi-
dase color development kit was used to visualize the blotting results 
[26]. 

2.5. Terpene quantification 

The concentration of terpene was identified by GC-MS system (Agi-
lent Technologies 7890 A GC equipped with a 5975C insert 143 XL EI/CI 
MSD Detector) with a DB-WAX column (30 m × 0.32 mm × 0.25 μm) 
(Fig. S2). 

For α-terpineol quantification, 2 mL of fermented broth was taken, 
and the same amount of hexane was added to it. The organic solvent and 
medium mixture were rotated at 200 rpm for 2 h at 25 ◦C, followed by 5 
min of centrifugation at 4000 rpm. 500 μL of the hexane layer were 
transferred to a darkened glass vial for examination after the extraction. 
The amount of α-terpineol was determined by linear calibration curves. 
The standard α-terpineol was purchased from Solarbio (China, GC ≥
99.0 %). For GC analysis, 1 μL of sample was injected, with a split ratio 
of 10:1, and nitrogen was used as the carrier gas with a flow rate of 1 
mL/min. The injector and the detector temperatures were maintained at 
250 ◦C and 260 ◦C, respectively. The oven temperature was as follows: 
80 ◦C for 1 min and sequentially increased at the rate of 10 ◦C/min to 
180 ◦C and 10 ◦C/min to 250 ◦C. 

For α-farnesene quantification, 10 % (v/v) dodecane overlay was 
added to medium to capture α-farnesene before culturing. The super-
natant of the fermentation broth was centrifuged at 4000 rpm for 5 min, 
and the dodecane layer was taken for detection. The amount of α-far-
nesene was determined by linear calibration curves. The standard 
α-farnesene was purchased from Toronto Research Chemicals (Canada, 
GC ≥ 99.0 %). The temperatures of the injector and the detector were set 
at 280 ◦C and 290 ◦C, respectively. The oven temperature was kept at 
80 ◦C for 1 min, and then ramped to 250 ◦C at 10 ◦C/min and held for 1 
min, then to 280 ◦C at 10 ◦C/min and held for 2 min. 

For β-ionone quantification, 10 % (v/v) dodecane overlay was added 
to medium to capture β-ionone before culturing. The supernatant of the 
fermentation broth was centrifuged at 4000 rpm for 5 min, and the 
dodecane layer was taken for detection. The organic phase was carefully 
pipetted from the culture sample and centrifuged for 5 min at 12,000 
rpm. The amount of β-ionone was determined by linear calibration 
curves. The standard β-ionone was purchased from Shanghai Yuanye 
Bio-Technology Co. Ltd. (China, GC ≥ 97.0 %). The temperatures of the 
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injector and the detector were set at 250 ◦C and 300 ◦C, respectively. The 
oven program was set as follows: start at 45 ◦C for 1 min, then raise the 
temperature up 8 ◦C/min to 300 ◦C and keep it constant for 5 min. 

2.6. Analysis of glucose and OD600 

The culture samples were collected directly to determine glucose 
concentration and cell density. Glucose was measured by Bioanalyzer 
(SBA-40D, Shandong Academy of Sciences, China) following the man-
ufacturer’s instructions. Optical density (OD) was measured at 600 nm 
with a spectrophotometer (Evolution 220, Thermo Fisher Scientific, 
USA). 

2.7. Dry cell weight measurement, lipid and carotenoid quantification 

Dry cell weight quantification was conducted in triplicate. Samples 
of 5 mL taken from the cultivated medium were centrifuged for 5 min at 
5500 g at room temperature. The cell pellets were washed twice with 
distilled water and dried at 105 ◦C for 24 h to a consistent weight. 

Lipid concentration was determined from the wet cell pellets ob-
tained after washing with distilled water using a sulfo-phospho-vanillin 
colorimetric assay [27]. Absorbance was measured with a spectropho-
tometer (Evolution 220, Thermo Fisher Scientific, USA) at 530 nm. A 
calibration curve ranging between 0 and 2.5 mg oil/mL was set using 

soybean oil dissolved in chloroform as the standard. 
For carotenoid quantification, take 4 mL of culture solution, centri-

fuge at 3500 rpm for 15 min to obtain wet cells, add 6 mL of 3 mol/L HCl 
solution, oscillate and soak for 1 h at room temperature, boil in boiling 
water for 4 min, cool rapidly, centrifuge at 3500 rpm for 15 min, discard 
the supernatant, and precipitate with purified water. After 2–3 times, 5 
mL of acetone was added, shaking at room temperature to extract ca-
rotenoids, and then centrifugation at 3500 rpm for 15 min. The resulting 
supernatant was the extract of carotenoids, which was repeated three 
times to ensure the complete extraction of pigments. Following the 
appropriate dilution, the absorbance at 475 nm was measured, and the 
carotenoid yield was calculated as follows: Carotenoids yield (g/mL) =
A × D × V/0.16 × W. 

Where: 
A: absorbance of the maximum wave strength of carotenoids; D: 

dilution ratio of pigment extract; V: total volume of solvent used for 
extraction (mL); W: volume of liquid (mL) used for extraction; 0.16: 
molar extinction coefficient of carotene. 

3. Results 

3.1. Engineering R. mucilaginosa for the synthesis of various terpenoids 

The red yeast R. mucilaginosa has been widely studied due to its 

Fig. 1. Engineering strategy of various terpenes’ biosynthesis in Rhodotorula mucilaginosa JY1105. (A) Schematic diagram of the mevalonate (MVA) pathway for 
terpene biosynthesis in R. mucilaginosa JY1105. HMG-CoA, 3-hydroxy-3-methylglutharyl-CoA; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl diphosphate; 
GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; HMG1, 3-hydroxy-3-methylglutaryl-CoA reductase gene; tHMG1, 
the truncated HMG1 gene; IDI1, isoprene diphosphate isomerase gene; ERG20, bifunctional FPP synthetase gene; ERG20ww, ERG20 mutant (F96 W/N127W) gene; 
CAR2, phytoene synthase/lycopene cyclase gene; CAR1, phytoene dehydrogenase gene; aTS, α-terpineol synthetase gene; CCD1, β-ionone synthetase gene; FS, 
α-farnesene synthetase gene. The blue arrows are the endogenous pathway in R. mucilaginosa. The red italic font indicates the expression of heterologous genes. Red 
bold font indicates the final products. (B) The derived relationships between wild-type and engineered strains. According to the preliminary screening results, TQaTS- 
3 was the starting strain of TSH strains and TSHE strains, and the starting strains of FSH strains and CCD1H strains were TQFS1-8 and TQCCD1-3, respectively. (C) 
Binary vectors (I-IV) containing the terpene synthase genes designed for genome integration in R. mucilaginosa. (D) Binary vectors (V and VI) to increase the pre-
cursor supply. 
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natural capacity for carotenoid and lipid production, indicating its 
strong endogenous isoprene pathway with readily available metabolic 
intermediates. Albeit draft genomes of R. mucilaginosa JY1105 (Bio-
project: PRJNA855278) and a few R. mucilaginosa strains have been 
released, a reliable annotation remains to be documented. According to 
the gene annotation involved in the MVA pathway of R. mucilaginosa 
C2.5t1 [19], this study gave the possible MVA pathway of 
R. mucilaginosa JY1105 (Fig. 1A). Based on this hypothesis, three target 
products (α-terpineol, α-farnesene and β-ionone), which represented 
monoterpene, sesquiterpene and C13-norisoprenoid, were chosen to 
reveal the potential of heterologous terpenoids production by 
R. mucilaginosa. 

α-Terpineol is a type of monoterpene compound that plays an 
important role in enhancing the flavor and aroma of grapes and wine 
[3]. α-Terpineol synthase (aTs) is an enzyme found in grapes (Vitis 
vinifera) that facilitates the conversion of GPP into α-terpineol. To pro-
duce α-terpineol, the optimized aTS gene was used to construct the 
desired plasmid pZPK-aTS-N (Fig. 1C). α-Farnesene is a member of 
sesquiterpene, which is highly valuable in fields such as medicine, cos-
metics and bioenergy [2]. α-Farnesene synthase (Fs) from M. domestica 
catalyzes the conversion of FPP to α-farnesene. The gDNA and the cDNA 
of FS gene were both used to evaluate the ability of Fs to synthesize 
α-farnesene in R. mucilaginosa. The gDNA (named FS1) and the cDNA 
(named FS2) sequences were optimized to construct expression cassettes 
pZPK-FS1-N and pZPK-FS2-N, respectively (Fig. 1C). β-Ionone also has 
important pharmacological activities and has been wildly used in 
anti-inflammatory, cancer-preventing, antibacterial, antifungal and 
antileishmanial [28]. β-Ionone is naturally synthesized from the specific 
breakdown of β-carotene. This process is facilitated by carotenoid 
cleavage dioxygenase 1 (Ccd1), which catalyzes the cleavage of β-ca-
rotenoids at the 9,10 and 9′,10′ positions in the presence of oxygen. To 
produce β-ionone, the optimized CCD1 gene was used to construct the 
expression cassette pZPK-CCD1-N (Fig. 1C). 

The engineered strains coded as TQaTS, TQFS1, TQFS2, and 
TQCCD1 were obtained by transferring the selected terpenoid genes 
from the respective constructed binary plasmids pZPK-aTS-N, pZPK-FS1- 
N, pZPK-FS2-N, and pZPK-CCD1-N to R. mucilaginosa JY1105 by ATMT 
method (Fig. 1B). Since this method causes the random integration of 
heterologous DNA into the genome via non-homologous end-joining 
(NHEJ), multiple transformants were selected and identified by colony 
PCR to confirm the successful integration of exogenous genes into the 
genome (Fig. S1A). The selected transformants for each genotype were 
used for further screening. 

When synthesizing terpenoids, YTD medium (peptone replaced by 
tryptone to speed up the fermentation process) with a high glucose 
concentration is commonly used for culturing [29]. Thus, YTD50 as 
production medium was used for culturing engineered strains. Dodecane 
was normally used as an extraction agent to capture terpene products in 
situ. However, the GC-MS equipment was unable to discriminate be-
tween α-terpineol and dodecane due to their total retention time over-
lap. In this experiment, strains JY1105, TQFS1, TQFS2, and TQCCD1 
were cultured in YTD50 medium with a dodecane overlay. On the other 
hand, the TQaTS strains were grown in YTD50 medium without dodec-
ane, and hexane was used to extract α-terpineol at the end of the 
culturing process. From the preliminary screening results, α-terpineol 
was detected in two transformants coded as TQaTS-3 and TQaTS-4, 
while α-farnesene and β-ionone were detected in all of the strains 
(Fig. 2). As all these products are not observed in the wild-type 
R. mucilaginosa JY1105 (data were not shown), this indicates that 
R. mucilaginosa has the potential to divert its natural MVA route to 
produce other plant-derived terpenoids. According to these results, three 
strains with the highest production of α-terpineol, α-farnesene and 
β-ionone, coded as TQaTS-3, TQCCD1-3 and TQFS1-8, respectively, 
were selected for further engineering. 

3.2. Culturing performance of engineered strains 

For α-farnesene and β-ionone extraction, selected strains coded as 
TQFS1-8 and TQCCD1-3 were cultivated by shake flask method in 50 mL 
of YTD50 medium supplemented with dodecane overlay. The samples 
were collected after every 24 h, centrifuged, and the supernatant 
dodecane layer was used for compound detection. Another engineered 
strain coded as TQaTS-3, selected for α-terpineol production was culti-
vated in 50 mL of the YTD50 medium and extracted with hexane after 
sampling (as described in material and methods). Although the strain 
TQaTS-3 exhibited slower growth and glucose consumption as 
compared to other strains (Fig. 3A and B), its cell dry weight was similar 
to theirs (Fig. 3D). The final concentrations of α-terpineol, α-farnesene 
and β-ionone were 0.24 mg/L, 522.5 mg/L and 0.87 mg/L, respectively 
(Fig. 3C). 

Carotenoids are considered as the end products of the MVA pathway 
in R. mucilaginosa. To verify the impact of heterologous terpenoid syn-
thesis on carotenoid content in engineered strains, the carotenoids were 
extracted and quantified. Compared to the JY1105 strain, the levels of 
carotenoids in TQaTS-3 and TQFS1-8 showed a smaller drop, but no 
significant variations were detected (Fig. 3D). These results indicate an 
adequate supply of precursors for the synthesis of carotenoids, with only 
a minor fraction of these precursors being utilized for the synthesis of 
α-terpineol and α-farnesene. On the other hand, the integration of the 
CCD1 gene (TQCCD1-3) changed the cell color from orange (JY1105 
strain) to pale yellow (Fig. S3). Different from the TQaTS-3 and TQFS1-8 
strains, the TQCCD1-3 strain accumulates minimal carotenoids (27.2 ±
4.2 μg/g dry weight), suggesting that the recombinant β-ionone syn-
thetase Ccd1 might be active enough to consume carotenes. Lipid pro-
duction profiles were also measured to verify if terpenoid synthesis had 
any impact on lipid accumulation. Results showed that lipid production 
was unaffected in all of the engineered strains (Fig. 3D), suggesting an 
unpreferred metabolic flow for the MVA pathway. 

3.3. Enhancement of precursor supply to promote the terpene production 

Enzymes involved in terpenoids biosynthesis are highly regulated at 
both the transcriptional and post-translational levels to ensure a 
balanced metabolite flux. The 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (Hmg1), a rate-limiting enzyme in the MVA pathway, catalyzes the 

Fig. 2. Screening of the engineered strains. Titers of products in various 
transformants (the α-terpineol synthesizing strains coded as TQaTS, the α-far-
nesene synthesizing strains coded as TQFS1 and TQFS2, and the β-ionone 
synthesizing strains coded as TQCCD1) were detected by GC-MS after 96 h of 
culturing. Red boxes indicate the selected strains. 
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conversion of HMG-CoA to MVA [30,31]. Early studies [23,32] showed 
that a truncated version of Hmg1 (tHmg1) could increase the production 
of isoprenoids and thus increase the production of terpenes. Deletion of 
its N-terminus transmembrane domain relieved the feedback inhibition 
at high levels of sterol. The overexpression of the tHMG1 gene resulted in 
a 50 % increase in taxadiene in a recombinant S. cerevisiae strain [33]. 
Therefore, in this study, the tHMG1 gene from S. cerevisiae was used to 
construct the expression cassette pZPK-tHMG1 to increase the supply of 
MVA. The selected gene tHMG1 from binary plasmid pZPK-tHMG1 was 
transferred and integrated into the genome of engineered strains coded 
as TQaTS-3, TQFS1-8 and TQCCD1-3 through the ATMT method, 
achieving TSH strains, FS1H strains and CCD1H strains, respectively 
(Fig. 1B and D). Besides, GPP, as the intermediate product of FPP syn-
thesis, is often rapidly consumed. The native FPP synthase (Erg20), 
possessing both GPP and FPP synthase activities, released few GPP from 
its catalytic site [34]. It has been reported that the Erg20 mutation 

(Erg20F96W–N127W) preferred GPP synthesis over FPP, thus achieving a 
significant increase in monoterpene titers in S. cerevisiae [35–37]. 
Therefore, the plasmid pZPK-tHMG1-ERG20ww was constructed and 
used to integrate selected tHMG1 and ERG20ww genes into the genome of 
strain TQaTS-3 by the ATMT method to construct the TSHE strains 
(Fig. 1B and D). For gene identification, the colony PCR analysis clearly 
indicated the presence of tHMG1 or ERG20ww genes for selected trans-
formants (Fig. S1B). The protein expression was further verified by 
Western blot analysis. Bands of terpene synthase and tHmg1 proteins 
were detected at their respective protein sizes except of Erg20WW 

(Fig. 4A). 
Initially, many transformants were picked and evaluated for their 

growth and terpenoid content. Among the TSH strains, 2 strains coded as 
TSH2 and TSH3 were found with higher α-terpineol titer (Fig. 4C). 
Similarly, among the series of strains co-expressing tHMG1 and 
ERG20WW, two strains coded as TSHE2 and TSHE3 were selected for 

Fig. 3. Performance of engineered strains. (A) Cell growth; (B) Glucose consumption; (C) Product accumulation at the culturing endpoint; (D) Dry weight of biomass, 
lipid and total carotenoids at the culturing endpoint. Experiments were performed in triplicate. Error bars represent the standard deviation of three independent 
experiments. Where not visible, bars lie within the symbols. Significantly different values were performed by independent-samples T test. *** means p < 0.001. 

Fig. 4. Screening of the engineered strains with enhancement of precursor supply. (A) Western blot analysis, (B) the titer and the content of α-terpineol, (C) the titer 
and the content of α-farnesene and (D) the titer and the content of β-ionone. Red boxes indicate the selected strains. 
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further investigation. Then the performance of the above strains was 
detected again by shake-flask culturing. In comparison to the control 
strain TQaTS-3, strains TSH2 and TSH3 showed a small increment in 
α-terpineol titer without significant difference, while strains TSHE2 and 
TSHE3 exhibited a 50.8 % and a 62.5 % increase in this product, 
respectively (Fig. 5A). The titer of α-terpineol was quantified to be 0.39 
mg/L in TSHE3. The results suggested that enhancing metabolic flux 
from MVA to GPP could effectively increase the production of 
α-terpineol. 

The α-farnesene content of FS1H strains were increased to varying 
degrees compared with the control strain TQFS1-8 (Fig. 4D), and FS1H5 
displayed the highest content and titer. The α-farnesene titer in strain 
FS1H5 showed a 1.3-fold increase compared to the control strain TQFS1- 
8, reaching to 822 mg/L (Fig. 5B and S2B). These observations were in 
accordance with earlier studies and suggest that the limiting factor in 
increasing terpenoid titers lies partly in insufficient precursor avail-
ability. Inconsistent with our expectations, there was no further 
improvement observed in the production of β-ionone in the CCD1H 
strain (Fig. 4B). 

4. Discussion 

Yeasts have gained significant attention for their biotechnological 
applications, as they also offer a versatile and efficient platform for 
facilitating terpenoid synthesis. R. mucilaginosa is regarded as a natural 
producer of carotenoids, including β-carotene, torulene and tor-
ularhodin. Terpenoids are not often synthesized by yeast. However, 
when plant-derived terpene synthases were introduced into yeast cells, 
it was observed that these enzymes could utilize natural precursors of 
the isoprenoid pathway and synthesize various terpenoids [32,38]. This 
study used metabolic engineering approach to produce a variety of 
terpenes, including monoterpene α-terpineol, sesquiterpene α-farnesene 
and β-ionone in R. mucilaginosa. Genes encoding terpene synthetase and 
MVA pathway rate-limiting enzymes were integrated into 
R. mucilaginosa genome to produce and increase terpene synthesis. The 
results obtained contribute to improving the understanding of the ver-
satile metabolism of R. mucilaginosa. 

It was found that engineered strain TQaTS-3 (expressing the 
α-terpineol synthase from V. vinifera) produced α-terpineol lower than 
the engineered S. cerevisiae strain [39]. The relative low production of 
α-terpineol was probably due to a shortage of precursors. Thus, 
co-expression of tHMG1 and ERG20WW in TQaTS-3 resulted in an in-
crease in α-terpineol production. Based on the data, it appears that the 
requirement for GPP is of more significance in the process of synthe-
sizing monoterpenes in comparison to the requirement for mevalonic 
acid to be present. However, Western blot failed to show proper 
expression of Erg20WW, but the TSHE strains produced more α-terpineol 
than the TSH strains (Fig. 5A). It implies that Erg20WW is expressed at 
low levels. In order to effectively tackle the problem of insufficient 
protein production, it is necessary to explore additional optimization 

options, such as the utilization of more potent promoters or the imple-
mentation of codon optimization techniques for the ERG20WW gene. 

In recent times, farnesene has been produced through heterologous 
gene expression by various hosts, such as S. cerevisiae and Y. lipolytica 
[40,41]. In this study, the expression of α-farnesene synthase gene 
achieved the α-farnesene titer of 0.52 g/L in R. mucilaginosa (the 
TQFS1-8 strain), which was four times higher than that in Y. lipolytica 
[2]. Furthermore, we also examined the effect of tHMG1 overexpression 
on α-farnesene biosynthesis in engineered R. mucilaginosa. As expected, 
overexpression of the tHMG1 gene significantly enhanced the conver-
sion of cytoplasmic acetyl-CoA to α-farnesene. These results suggested 
that R. mucilaginosa has the great potential for α-farnesene synthesis. It is 
noteworthy that the production titers of TQFS1 strains (expressing the 
gDNA version of the FS gene) consistently exceeded those of TQFS2 
strains (expressing the cDNA version of the FS gene). This disparity 
could potentially be attributed to higher gene expression levels due to 
the influence of introns on mRNA stability or the presence of introns 
facilitates mRNA export from the nucleus to the cytoplasm [42,43]. 

The ionone family contains some of the most intriguing apocar-
otenoids. The cleavage of the C40-compound β-carotene produces 
β-ionone, which is highly regarded for its woody-violet aroma [44]. In 
accordance with the findings of this work, a significant majority of the 
carotenoids in R. mucilaginosa are converted upon expression of the 
CCD1 gene (Fig. 3D and Fig. S5). The Ccd1 enzyme in 
carotenoid-accumulating microorganisms can produce several com-
pounds (like geranylacetone, pseudoionone and β-ionone) using multi-
ple carotenoids (e.g., ζ-carotene, γ-carotene, lycopene and β-carotene) as 
substrates [45]. Additionally, genome-scale stoichiometric analysis 
identified the unspecific cleavage activity of PhCCD1 as responsible for 
the observed reduction in β-ionone yields [46]. Therefore, the amount of 
carotenoids consumed by the microorganism does not correspond to the 
amount of β-ionone produced. In the engineered Y. lipolytica strain, the 
rise of carotenoids synthesis led to an increase in β-ionone production 
[47]. However, it is noteworthy to mention that the overexpression of 
tHMG1 did not lead to increased β-ionone production in R. mucilaginosa. 
According to the above analysis, the possible reason may be the poor 
activity or the unspecific cleavage activity of Ccd1 rather than the low 
MVA pathway flux or carotene synthesis. To tackle these limitations, the 
next step can focus on site-directed mutagenesis to improve the selec-
tivity and activity of Ccd1, thereby avoiding unwanted by-products. 

While observing the growth of all engineered strains, it was found 
that TQaTS-3 exhibited slower cell mass accumulation and glucose 
consumption (Fig. 3A and B). Due to the similar growth rates exhibited 
by the above strains (Fig. S4), the presence of dodecane might be the 
main reason for this phenomenon. Experiments were carried out to 
verity this hypothesis. As shown in Fig. S5, in the presence of 10 % (v/v) 
of dodecane, the engineered strains displayed similar cell growth pat-
terns compared to the control strain JY1105. It showed the same result 
when cultured these strains without dodecane. Moreover, the culturing 
process was shortened with the dodecane addition. These results were 

Fig. 5. Culturing performance of the engineered strains with enhancement of precursor supply. (A) α-Terpineol accumulation at the culturing endpointand; (B) 
α-Farnesene accumulation at the culturing endpoint. Significantly different values were performed by independent-samples T test. * and ns mean p < 0.05 and no 
significant difference, respectively. Experiments were performed in triplicate. 
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consistent with our suppose. During microbial culturing, oxygen mass 
transfer would be an important factor affecting cell growth, and 
dodecane was reported to be an oxygen-vector, with around 15-fold 
higher oxygen solubilization capacity than water [48–50]. It also 
mentioned that dodecane has shown fewer air bubbles and less shear 
stress to protect cells. Thus, the addition of dodecane may protect the 
cells and promote the ability of oxygen mass transfer to shorten the 
culturing process. 

Normally, isoprenoid biosynthesis competes with lipid biosynthesis 
for the substrate acetyl-CoA in microorganisms. R. mucilaginosa is an 
oleaginous yeast that possesses the capability to accumulate lipids over 
20 % of its cell dry weight [51,52]. Results showed that lipid production 
was unaffected in all of the engineered strains (Fig. 3D), suggesting a 
potential of downregulating lipid synthetic pathway to increase the 
precursor supply for isoprenoid synthesis in R. mucilaginosa. Meanwhile, 
considering the benefit of lipid droplets for storing hydrophobic com-
pounds, it is necessary to balance the biosynthesis of lipid and iso-
prenoid [53–55]. 

In conclusion, our results demonstrated that R. mucilaginosa exhibits 
promising potential as a viable host to produce terpenes. While the 
construction of advanced cell factories in R. mucilaginosa encounters 
difficulties mostly attributed to less annotated genome and ineffective 
genetic tools, with the rapid development of genome sequencing tech-
nologies, CRISPR-Cas9 gene editing platforms and synthetic biology 
components, the applications of this yeast are going to be broader in the 
near future. 
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