
Ginseng is a traditional plant in Chinese medicine because it includes pharmaceutical 
ginsenosides that have been used in Asia for thousands of years. Ginsenosides are 
triterpenoids, a class of natural products mainly present in Panax species (e.g., Panax 
ginseng, P. notoginseng, and P. quinquifolium). However, due to the shortcomings of 
chemical synthesis and extraction from plants, the synthesis of ginsenosides by microbial 
cell factories, which has the advantages of environmental friendliness, high efficiency, 
convenience, and potentially low cost, has received much attention in recent years. 
In the present thesis, we designed the DoE experiment by Design Expert 11 (Stat-Ease, 
Inc.) and analyzed the final result by ordinary least squares (OLS) estimation. It showed that 
glucose, glutamate, salts, temperature, and oxygen play a crucial role in influencing final 
protopanaxadiol production. The five parameters were investigated during fermentation 
to improve the final protopanaxadiol production. Finally, we have got an optimized M3 
medium, which vastly increases the final protopanaxadiol production to 1.2 g/L in shake 
flasks with a membrane lid at 28 °C, 8-fold compared to the original fermentation 
condition. This M3 medium also works for other engineered strains that vastly produce 
other triterpenoids (e.g., betulin, betulinic acid, and ginsenoside Compound K). 
Extracellular production of triterpenoids would be a key strategy to increase the final 
target triterpenoids production and promote the downstream purification processes. 
Given this, we added different hydrophobic compounds during the fermentation to carry 
out in-situ extraction. Different vegetable oils, isopropyl myristate, and dodecane were 
tested. Finally, almost all the dammarenediol-II and protopanaxadiol produced by the 
engineered yeast were secreted when vegetable oil was added during the fermentation. 
In addition, the yeast cells can be repeatedly used for subsequent fermentation rounds 
after adding isopropyl myristate or vegetable oils to extract all the dammarenediol-II and 
protopanaxadiol. 
In summary, as the cultivation conditions are easily established and transferable to 
Compound K and betulin producers, the study might facilitate the evaluation of 
engineered strains in microtiter plates and shake flask cultivations. The amounts of 
triterpenoid produced enable advanced analytics and even facilitate first ideas for 
purification of this intriguing class of natural products.
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natural products obtained directly from plants is still modest when compared to the sheer number
of plant natural products reported in the academic literature.82,83,84 Chemical synthesis is often
economically unattractive due to the complex structures of natural products, making microbial
synthesis a promising alternative.85,86,87,88

With the advent of synthetic biology, designing living systems for the tailored production of
bioplastics, functional foods, and natural products has become feasible.89 In recent years, several
natural products with application potential have been synthesized using engineered microbes.12,90

Three prominent examples are farnesene, artemisinic acid, and amorpha-4,11-diene production by
yeast. For example, α-farnesene was produced by engineered Yarrowia lipolytica, and its
production was improved during fed-batch fermentation via the expression of the HMG-CoA
reductase (Hmgp) from Bordetella petrii and acetyl-CoA acetyltransferase from Escherichia coli,
reaching a final titer of 26 g/L.77,91 Artemisinic acid production in S. cerevisiae was increased by
overexpressing essential genes involved in the mevalonate pathway as well as optimizing the
electron transport chain and yeast cultivation, reaching titers of 25 g/L.92,9 Amorpha-4,11-diene
production by S. cerevisiae expressing the amorpha-4,11-diene synthase (ADS) from Artemisia
annua harboring a fully engineered mevalonate pathway, including three copies of the truncated
gene tHMG encoding the ScHMG-CoA reductase, and using unrestricted ethanol as carbon source,
reached a titer of 40 g/L.93

Yeasts have long been domesticated and were used for the production of bread, beer, and
wine.94,95,96 Yeasts are simple eukaryotic cells with complete organelle structures, which allow
posttranslational modifications of proteins, thus ensuring the activity of many enzymes found in
other eukaryotes, including plants.80,89 Yeasts also possess redox systems that provide similar
biological and physical environments as encountered by cytochrome P450s in mammals and
plants.80,20 Due to these reasons, yeasts are considered excellent cell factories for producing plant
natural products, with biosynthetic pathways of varying complexity.94,97
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Figure 1-1. Biosynthetic pathway of heterologous ginsenoside triterpenoids in engineered S. cerevisiae.22 Glucose

is catabolized mainly through glycolysis, while NADPH may be supplied by the flux through the pentose

phosphate pathway and activity of the acetaldehyde dehydrogenase Ald6p. Metabolic reactions involved in

glucose phosphorylation to farnesyl diphosphate (FPP) biosynthesis via the mevalonate pathway are carried out in

the cytosol, although several enzymes are localized in the endoplasmic reticulum (ER) membrane. Triterpenoids

are amphiphilic, with highly hydrophobic residues, explaining their localization and further modification in the ER

membrane. The subsequent modifications, including glycosylation of ginsenosides, occur on the cytosolic-oriented
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triterpenoid. UDPG or UDP-xylose supplies sugar groups for glycosylation modifications. Also, the active site of

the yeast monooxygenase Erg1p and the plant monooxygenases likely face the cytosol, explaining easy access to

NADPH. The competitive sterol/ergosterol biosynthetic pathway is also localized in the ER membrane. G6P,

glucose 6-phosphate; G1P, glucose-1-phosphate; F6P, fructose 6-phosphate; GAP, glyceraldehyde-3P; PP pathway,

pentose-phosphate pathway; EMP pathway, Embden-Meyerhof-Parnas pathway; Ald6p, NADH-generating

aldehyde dehydrogenase; Acs1p and Acs2p, acetyl-CoA synthetase 1 and 2; Erg10p, acetyl-CoA acetyltransferase;

Erg13p, HMG-CoA synthase; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; MVA, mevalonic acid; Hmg1p and

Hmg2p, HMG-CoA reductase 1 and 2; Erg12p, mevalonate kinase; MVAP, mevalonate 5-phosphate; Erg8p,

phosphomevalonate kinase; MVAPP, mevalonate 5-pyrophosphate; Erg19p, diphosphomevalonate decarboxylase;

IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl diphosphate; Erg20p, farnesyl diphosphate synthase; FPP,

farnesyl diphosphate; Erg9p, squalene synthase; Erg1p, squalene epoxidase; Erg7p, lanosterol synthase; DDS,

dammarenediol-II synthase; PPDS, protopanaxadiol synthase; Cprp, NADPH-cytochrome P450 reductase; CPR,

NADPH-cytochrome P450 reductase; UGT1, UDP-glycosyltransferase 1; Ugp1p, UTP-glucose-1-phosphate

uridylyltransferase1; UDPG, uridine diphosphate-glucose; UDP-xylose, uridine diphosphate-xylose; Pgm2p,

phosphoglucomutase 2; UGTPg45, UDP-glycosyltransferase 45; UGTPg29, UDP-glycosyltransferase 29; PPTS,

protopanaxatriol synthase; UGTPg1, UDP-glycosyltransferase 1; UGTPg100, UDP-glycosyltransferase 100;

UGTPg71A54, UDP-glycosyltransferase 71A54; UGTPg94Q13, UDP-glycosyltransferase 94Q13. ER,

endoplasmatic reticulum.

1.3 Metabolic engineering of yeast for PPD synthesis

PPD, a 30-carbon dammarane II-type tetracyclic triterpene synthesized in the ginseng plant,
serves as the precursor for high-value ginsenosides.20,98,99 The initial dedicated step in PPD
synthesis involves the cyclization of 2,3-oxidosqualene by dammarenediol-II synthase (DDS) to
DM, which is then converted to PPD by protopanaxadiol synthase (PPDS) (Figure 1-1).20,97

Research has shown that PPD possesses intrinsic biological properties, including antineoplastic,
antidepressant, antioxidant, anti-inflammation, and antitumor effects (Table 1-1).97,100 PPD
production via phytoextraction is expensive and largely non-environmentally friendly.97,98

Currently, PPD-synthesizing yeasts primarily use glucose as the carbon source for native squalene
production via the mevalonate pathway.12,74,10 PPD production can be vastly improved by
combining precursor availability, including coenzymes and enzymatic pathway activity
throughout the mevalonate pathway. Although numerous metabolic and process engineering
strategies have been reported, studies have yet to combine all the available information for PPD
production. This suggests that substantial improvements are still possible, assuming these
approaches can complement each other. The state-of-the-art strategies for PPD synthesis by yeast
are summarized as follows:

1. The PPD can be produced by yeast through alternative carbon sources. Ethanol, a more
reduced substrate than glucose or xylose, directly feeds into the cytosolic acetyl-CoA pool for the
mevalonate pathway.97 As a Crabtree-positive yeast, S. cerevisiae consumes glucose and produces
biomass, CO2, and ethanol. Upon glucose depletion, ethanol becomes the next preferred carbon
source in the presence of oxygen, leading to the classic diauxic shift (Figure 1-2). Analyses have
shown ethanol to be a beneficial carbon source for triterpenoid production.80,87 For instance, a pure
ethanol feed strategy significantly improve amorpha-4,11-diene (a sesquiterpene) production to
over 40 g/L, far exceeding productions obtained from glucose or glucose/ethanol mixtures.97,93

Similarly, using ethanol for PPD production with engineered S. cerevisiae achieved high titers of
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up to 8 g/L.97

Comparable improvements have been reported for squalene production, where continuous
ethanol resulted in a superior yield to a pulsed-feed feeding regime.7 Further optimization of
ethanol usage by overexpressing ethanol and acetaldehyde dehydrogenases in S. cerevisiae,
enhanced squalene synthesis above 9 g/L.101 These findings indicate that ethanol is an
advantageous carbon source for triterpenoids in general and specifically for PPD production,
enabling the synthesis of high concentrations of these valuable natural products by S. cerevisiae.

Over 100 billion tons of biomass are produced on Earth each year through photosynthesis,
driving the development of sustainable bioprocesses like ethanol production by yeast.74,102,103 In
recent research, genes from the xylose assimilation pathway were introduced into S. cerevisiae
alongside overexpressed genes from the mevalonate pathway. This engineered S. cerevisiae could
co-ferment glucose and xylose, significantly increasing PPD titer to 150 mg/L, compared to 59
mg/L when grown solely on glucose.99 In the delta ku70 Y. lipolytica strain, which is optimized for
homologous recombination, the genes XYL1 and XYL2 (encoding xylose reductase and xylitol
dehydrogenase from Scheffersomyces stipitis) were introduced. In this strain, increased PPD
synthesis from xylose was combined with the overexpression of the mevalonate pathway genes
tHMG1/ERG9/ERG20 and the overexpression of the genes encoding transaldolase, transketolase,
and the xylose transporter. PPD production reached 300 mg/L, remarkably higher than the content
of PPD obtained during growth on glucose alone (170 mg/L), although the metabolic basis for
increased PPD production remains elusive.74

Figure 1-2. Fermentation kinetics of PPD and DM in S. cerevisiae.22 Yeast consumes glucose and produces

ethanol. At 24 h, glucose was depleted, and ethanol levels peaked. DM and PPD are synthesized mainly from

ethanol. Growth conditions: 50 mL WM8+ medium in 500 mL shake flask; fermentation temperature, 30 ℃;

engineered yeast strain S. cerevisiae CEN.PK 102-5B.104

2. Increased electron availability benefits PPD production in S. cerevisiae. NADPH, the
essential reduced coenzyme for the biosynthesis of 2,3-oxidosqualene, PPD, and PPT, is oxidized
to NADP by a P450 reductase, which then transfers electrons to monooxygenases like
PPDS.82,83,101 Various strategies have been reported to enhance electron availability, ranging from
ethanol use to pathway and reductase/P450 engineering.82,83,105 Modification of the transmembrane
domain of P. ginseng cytochrome P450-type PPDS and construction of a PPDS-Arabidopsis
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thaliana NADPH-cytochrome P450 reductase (ATR1) fusion enzyme have been shown to boost
catalytic activity, resulting in a 70% increase in PPD production (1.4 g/L) compared to
co-expression of PPDS and ATR1.83 Additionally, replacing the NADH-generating acetaldehyde
dehydrogenase Ald2p with the NADPH-forming isozyme Ald6p directly improved NADPH
regeneration. This approach, combined with strong overexpression of the PPD synthesis pathway
using the ADH2 promoter for DDS and PPDS expression, led to an 11-fold increase in PPD titer.82

These findings indicate that pathway engineering can foster the availability of precursors and
reduced coenzymes to improve triterpenoid production. These strategies should be applied to
production strains with high PPD synthesis rates, where metabolic limitations are most significant.

3. PPD production can be further improved by engineering the cell wall, ER size, and
peroxisome proliferation. The cell wall is crucial for cellular homeostasis and growth, providing
yeast with its morphology during budding, pseudohypha formation, mating, and sporulation, and
maintaining osmotic integrity.106,107 Previous studies have shown that maintaining cell wall
integrity can enhance terpene production by S. cerevisiae.83,98 Deleting the ECM33 gene, a vital
regulator of the cell wall integrity pathway, restored membrane rigidity and improved stress
tolerance, resulting in increased squalene production.108 It has also been observed that
heterologous expression of cytochrome P450 monooxygenases in microorganisms will result in
low coupling between cytochrome P450 monooxygenases and cytochrome P450 reductase (CPR),
leading to the release of reactive oxygen species (ROS) as well as reduced growth and terpenoid
synthesis.83 However, overexpressing the SSD1 gene, which is associated with increased cell wall
integrity and cell viability, reduced ROS formation by 25% and significantly boosted PPD
production from 1 g/L to 4 g/L.98

The ER can be the largest organelle in the cell, functioning in protein modification and
secretion, phospholipid synthesis, carbohydrate metabolism, and calcium storage.109 The unfolded
protein response (UPR) triggers ER expansion and enhances its folding capacity.110 The ER
volume impacts many proteins’ folding ability, such as cytochrome P450s.109,110 INO2 and INO4
encode two transcription factors involved in phospholipid biosynthesis that can promote the
generation of ER sheets and ER expansion.110,111 In contrast, Opi1p can bind to Ino2p, inhibiting
its function.110 Overexpression of the INO2 gene in S. cerevisiae leads to ER expansion, thereby
increasing the ability to synthesize heterologous ER-associated proteins and resulting in a 70-fold
increase in squalene production (from 2.5 mg/L to 175 mg/L) and an 8-fold increase in PPD
production (from 1.5 mg/L to 12 mg/L).111 However, overexpression of INO4 or deletion of OPI1
did not affect squalene and PPD accumulation, possibly because Ino2p plays a more significant
role in phospholipid biosynthesis than Ino4p.111 Overexpression of INO2 may lead to an
imbalance between INO2 expression and its repressor Opi1p, ultimately activating the ER’s
phospholipid biosynthetic pathway.111

Additionally, manipulating the peroxisome proliferation by increasing Pex34p (peroxisome
population regulated protein 34) production while deleting PEX11 (peroxisome population
regulated protein 11) and ATG36 (autophagy-related protein encoding gene) improved PPD
production by 78% (4 mg/L) compared to the original yeast strain.112 These results indicate that all
the cell wall integrity, ER size, and peroxisome proliferation likely influence PPD production,
although the rationale for the latter is rather unclear.

4. Upregulating the PPD synthetic pathway and increasing 2,3-oxidosqualene availability
enhances PPD hyperproduction. Seven genes are involved in the synthesis of mevalonate, IPP, and



General Introduction

11

DMAPP, namely ERG10, ERG13, ERG12, ERG8, ERG19, IDI, and tHMG1, while three genes
(ERG1, ERG20, ERG9) are involved in 2,3-oxidosqualene formation, and finally three genes
(PgDDS, PgPPDS, and PgCPR1) are engaged in PPD synthesis (Figure 1-1).20,82,113 Integrating
the six genes involved in 2,3-oxidosqualene and PPD synthesis into the delta DNA site of S.
cerevisiae BY4742 increased PPD synthesis.113 Additionally, seven genes involved in
synthesizing mevalonate, IPP, and DMAPP were integrated into the Yprc-delta15 site, and an
additional copy of PgPPDS was incorporated into rDNA sites. These modifications resulted in the
highest PPD production reported (11 g/L), with a cell dry weight content of 77 mgPPD/gCDW.10,113

Further modifications, including introducing the ginsenoside CK pathway, improving
UDP-glucose biosynthesis, and reducing UDP-glucose consumption, led to a CK production of
nearly 6 g/L in fed-batch fermentations.10 Collectively, these results revealed that a high PPD titer
could be achieved by combining engineering strategies.

Many studies have aimed to improve triterpenoid synthesis by reducing sterol synthesis. The
strategies include deleting ERG7, which encodes 2,3-oxidosqualene-utilizing lanosterol synthase,
and using advanced transcriptional and translational control of Erg7p activity.114 Recently, a
degron tag fused to Erg7p decreased the carbon flux into the sterol synthesis pathway, improving
the precursor supply for triterpenoid synthesis and resulting in a PPD titer of over 400 mg/L in
shake flasks.104 Similarly, Guo et al. used protein engineering to reduce Erg7p activity by mutating
the protein sequence position I705, which is crucial for Erg7p catalysis. The Erg7I705K mutation
with reduced sterol synthesis increased the PPD titer to 55 mg/L, 2.2-fold higher than the
reference strain.115 Additionally, CRISPRi (clustered regularly interspaced short palindromic
repeats interference)-based customized metabolic flux control was used to regulate ERG7
expression, achieving a final PPD production of 295 mg/L, 5.7-fold higher than the reference
strain in batch-fed fermentation.114 Since ergosterol is essential for the plasma membrane, a
complete deletion of ERG7 will stop ergosterol synthesis, which is infeasible.114 These results
suggest that reducing, but not abolishing, Erg7p activity can increase carbon flux towards
triterpenoid production.

1.4 Synthesis of the PPD-derivative ginsenosides

1.4.1 Biosynthetic pathway for ginsenoside CK production

Ginsenoside CK is a glycosylated PPD derivative with a wide range of potential medical
applications (Table 1-1).77,42,116 CK is mainly found in dried roots of P. ginseng, however,
accounting for only 0.2% of the biomass.117 Its precursor, PPD, is the substrate of a
UDP-glycosyltransferase (UGT) to yield CK.77,117 UGTs are commonly found in plants and
primarily involved in triterpenoid synthesis, transferring glycosyl moieties to acceptor molecules,
including ginsenosides. The activated sugar is derived from glucose-6-phosphate by the activity of
Pgm2p (Figure 1-1).87,117 Engineered PPD-synthesizing yeast can be additionally equipped with
UGT, resulting in CK production.87 According to previous research, the cytotoxic effects of the
dammarane-type ginsenosides were inversely proportional to the number of hydroxyl groups and
sugar moieties linked to the aglycone.118 Therefore, research has mainly focused on biosynthetic
dammarane-type ginsenosides derivatives, such as PPD, CK, and others, rather than DM. This is
most likely due to the missing hydroxyl groups that makes this group of ginsenosides more
cytotoxic.118 In general, enzyme and metabolic engineering strategies successful for PPD synthesis
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are also crucial for the synthesis of CK.87,119 The state-of-the-art strategies for CK synthesis by
yeast are summarized as follows:

1. Ethanol and glycerol benefit CK production by engineered S. cerevisiae. Glycerol is about
17% more reduced than glucose, potentially boosting the synthesis of reduced compounds such as
triterpenoids.120,121 It enhances the stability of cell membrane proteins and improves the generation
of NADPH through its metabolism.122 In a recent study, introducing the UGT1 gene from P.
ginseng into a PPD-synthesizing yeast resulted in a CK titer of approximately 150 mg/L after 96 h
of cultivation.87 Further improvements were achieved by introducing the genes UGP1 and PGM2,
raising the titer to around 260 mg/L.87 The optimal CK synthesis was obtained by altering the
glycerol/glucose ratio to 20/80.87 Finally, adding 7 g of glycerol and 15 g of ethanol every 8 h
during fermentation resulted in a final CK titer of up to 2 g/L.87

2. Engineering yeast subcellular compartments increase CK production. Improving terpenoid
synthesis of yeasts through modifying subcellular compartments is attractive, as shown in PPD
synthesis.96 Studies have demonstrated that relocating enzymes from mitochondria to lipid
droplets (LDs), which store lipophilic compounds like terpenes, can vastly increase enzyme
activity for ester biosynthesis in S. cerevisiae.123,124 It is speculated that DM is located in LDs,
while PPDS is usually found in the ER of yeast.73 Therefore, the different cellular localizations of
DM and PPDS may increase the difficulty of converting DM to PPD. Recently, the Pln1p was
used to target the ER-localized cytochrome P450 PPDS to LDs, thereby increasing the final CK
titer to 5 g/L in a 5 L bioreactor fed-batch mode.73 This study introduces another metabolic
engineering strategy, enzyme localization, to the growing list of methods for increasing
triterpenoid production.

3. Enhanced metabolic flux for precursor synthesis improves CK production by Y. lipolytica.
As previously mentioned, Y. lipolytica is a promising yeast for terpenoid synthesis due to its
ability to accumulate considerable amounts of hydrophobic molecules.77,122 The overexpression of
essential genes involved in the mevalonate pathway in this yeast leads to the increased production
of terpenes such as limonene, α-farnesene, lycopene, and betulinic acid.125,126,127,128 In a previous
study, the fusion of P. ginseng PPDS and A. thaliana reductase ATR1 further improved the
catalytic efficiency of these two enzymes.83 Combining engineering strategies, like overexpression
of the critical genes tHMG1, ERG9, ERG20, and UGT1, resulted in 160 mg/L CK production by Y.
lipolytica.119

1.4.2 Synthesis of PPD-derivative ginsenosides Rh2 and Rg3

Ginsenosides Rh2 and Rg3, which possess additional sugar residues and valuable
pharmacological activities (Table 1-1), have been studied extensively.48,49,54,55,56 A study showed
that UGTPg45 and UGTPg29 genes from P. ginseng introduced into PPD-synthesizing yeast
resulted in trace amounts of Rh2 and Rg3 production (Figure 1-1).129 In another study, the
promiscuous glycosyltransferase UGT51 encoded by the UGT51 gene from S. cerevisiae was
shown to synthesize ginsenoside Rh2 effectively. The EGH1 gene encoding a
steryl-beta-glucosidase was deleted, and the supply of UDP-glucose precursor was increased to
improve glycosylation. In this strain, expressing PPDS-75tAtr2p as a fusion protein resulted in
Rh2 concentrations of up to 300 mg/L in a 5 L fermenter.130 UGT activity was central for Rh2
synthesis.113,129 Significant advances were achieved by integrating multi-copy UGTPg45 into delta
DNA sites combined with a strong UAS-TDH promoter, resulting in a substantial increase in Rh2
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synthesis. Further optimization through the error-prone PCR evolution of plant UGTs enabled
efficient Rh2 synthesis from PPD in a 10 L fed-batch fermentation, achieving Rh2 concentrations
as high as 2 g/L.113

1.5 Strategies for the synthesis of PPT and its glycosylated derivatives from P.
ginseng

PPT, distinguished by an additional α-OH group at the C-6 position compared to PPD, is a
prominent triterpenoid of P. ginseng known for its reported biological activities, including
anti-cancer, antioxidant stress, and anti-inflammatory effects (Table 1-1).20,60,58,131 Yeast can
convert PPD to PPT by heterologously expressing the protopanaxatriol synthase (PPTS) gene
from P. ginseng (Figure 1-1).35 PPT was successfully synthesized in an engineered yeast for PPD
synthesis, resulting in up to 16 mgPPT/L.36 In another study, PPT production reached 5 g/L in
fed-batch fermentation through overexpression of codon-optimized PPTS from P. ginseng and
random mutation of amino acid sequences in PPTS.132 Ginsenosides F1 and Rh1, which have an
α-D-glucopyranosyl or α-H group at C-6 or C-20, respectively, are the products of PPT
glycosylation reaction catalyzed by UGTs with reported pharmacological activity (Table 1-1).12

According to a study, two UTG genes, namely UGTPg1 and UGTPg100, were identified in P.
ginseng and introduced in PPT-producing engineered yeast, resulting in the production of F1 and
Rh1 levels of 42 mg/L and 93 mg/L, respectively (Figure 1-1).133

1.6 DM-type triterpenoids secretion

The metabolic burden caused by natural products accumulation always hinders the efficiency
of microbial cell factories. A solution to this issue lies in the extracellular production of
triterpenoids, which can serve as a critical performance metric for intensifying product synthesis
in fermenters. By adopting this approach, yeast cells can maintain their integrity during product
harvest, leading to a higher yield of triterpenoid per cell. This method improves the purity and
ease of harvesting triterpenoids and leads to an enhanced yield per substrate, a crucial factor for
cost-effective products.134 In an ideal case, as fermentation time increases, the space-time yield per
year should also rise, thereby reducing equipment cleaning downtime, allowing for smaller
fermenters, and lowering overall investment costs. Additionally, for intracellular products like
triterpenoids, understanding the secretion/transport system of the target molecule is essential. This
is also true for other substances, such as storage polymers (e.g., polyhydroxyalkanoates) and
recombinant proteins.134,135 While several studies have identified PPD-type triterpenoids in the
extracellular environment (Table 1-2),97,133,129 the underlying molecular mechanisms involved,
whether through active transport, passive diffusion, or cell lysis, are still elusive. Therefore,
research is needed to shed light on these mechanisms in the future. Members of the pleiotropic
drug resistance family proteins, which are ABC transporters in plant cell membranes with two
nucleotide-binding domains (NBDs) and two transmembrane domains (TMDs), have been shown
to transport triterpenoids.136 Initiated by binding the triterpenoid to the TMD, after which a closed
NBD dimer is formed, the triterpenoid is transported across the membrane. Subsequently, ATP
hydrolysis triggers the dissociation of the closed NBD dimer, the TMD opens, and triterpenoids
are secreted to the extracellular space.136 Whether these transporters can be exploited in yeast or if
a yeast transporter can perform a similar function for triterpenoids remains to be determined.
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