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Abstract 

Background Polycyclic triterpenoids (PTs) are common in plants, and have attracted considerable interest due to 
their remarkable biological activities. Currently, engineering the ergosterol synthesis pathway in Saccharomyces cerevi-
siae is a safe and cost‑competitive way to produce triterpenoids. However, the strict regulation of ERG1 involved in the 
epoxidation of squalene limits the triterpenoid production.

Results In this study, we found that the decrease in ERG7 protein level could dramatically boost the epoxidation of 
squalene by improving the protein stability of ERG1. We next explored the potential factors that affected the degra‑
dation process of ERG1 and confirmed that ERG7 was involved in the degradation process of ERG1. Subsequently, 
expression of four different triterpene cyclases utilizing either 2,3‑oxidosqualene or 2,3:22,23‑dioxidosqualene as the 
substrate in ERG7‑degraded strains showed that the degradation of ERG7 to prompt the epoxidation of squalene 
could significantly increase triterpenoid production. To better display the potential of the strategy, we increased the 
supply of 2,3‑oxidosqualene, optimized flux distribution between ergosterol synthesis pathway and β‑amyrin synthe‑
sis pathway, and modified the GAL‑regulation system to separate the growth stage from the production stage. The 
best‑performing strain ultimately produced 4216.6 ± 68.4 mg/L of β‑amyrin in a two‑stage fed‑fermentation (a 47‑fold 
improvement over the initial strain).

Conclusions This study showed that deregulation of the native restriction in ergosterol pathway was an effective 
strategy to increase triterpenoid production in yeast, which provided a new insight into triterpenoids biosynthesis.

Keywords 2,3‑Oxidosqualene, 2,3:22,23‑Dioxidosqualene, Triterpenoid, ERG7, Two‑stage fermentation

Background
Polycyclic triterpenoids (PTs) are common in plants, and 
have attracted considerable interest due to their remark-
able biological activities [1, 2]. However, the contents of 
PTs in plants are generally low and they are often mixed 
with structural analogues. Thus, the extraction and puri-
fication of PTs from plants are usually challenging and 
unsustainable due to the massive consumption of plant 
resources and extraction solvents, which inevitably 
wreaks havoc on the environment [3]. In general, it is not 
feasible to synthesize them by chemical means because 
the multiple-fused ring structures and chiral groups of 
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PTs are difficult to be constructed by cost-effective means 
of stereochemistry [4]. An attractive alternative is to pro-
duce them in the engineered microorganisms, which can 
specifically biosynthesize PTs in a fast and inexpensive 
way. Among these industrialized microorganisms, the 
budding yeast Saccharomyces cerevisiae has emerged as 
the engineered platform for PTs synthesis [5–7].

It is well known that 2,3-oxidosqualene (SQO) is the 
direct precursor of most triterpene cyclases (OSCs), 
which catalyze the first committed step in triterpenoid 
synthesis pathway (Fig. 1A) [3, 8]. For example, β-amyrin, 
lupeol, and cucurbitadienol were synthesized from SQO, 
respectively, under the catalysis of β-amyrin synthase 
(GgbAS1) from Glycyrrhiza glabr [6], lupeol synthase 
(AtLUS1) from Arabidopsis thaliana [9], and cucurbi-
tadienol synthase (SgCS) from Siraitia grosvenorii [10]. 
Recently, 2,3:22,23-dioxidosqualene (SDO) was con-
firmed as the precursor of several valuable triterpenoids 
including noncaloric nonsugar sweetener mogroside 
V [10] and α-onocerin [8]. However, the generation of 
the two epoxidized squalenes (SO) especially SDO was 
strictly regulated by two key enzymes (HMGR and ERG1) 
in S. cerevisiae. The two epoxidized squalenes were syn-
thesized through the mevalonate (MVA) pathway, in 
which the metabolic flux was strictly controlled by the 
rate-limiting enzyme, 3-hydroxy-3-methylglutaryl-coen-
zyme-A reductase (HMGR) [11]. Overexpressing a trun-
cated HMGR (tHMG1) that circumvented the regulation 
by removing its transmembrane domain dramatically 
increased the metabolic flux of the MVA pathway [12]. 
Then, two molecules of IPP and one molecule of DMAPP 
were catalyzed to generate farnesyl diphosphate (FPP) by 
FPP synthase (ERG20). Two FPP molecules were subse-
quently coupled with squalene synthase (ERG9) to pro-
duce squalene, which was the most easily accumulated 
intermediate in the engineered triterpenoid synthesis 
pathway [13], because the enzyme ERG1 catalyzing the 
conversion of squalene to the two SO was strictly regu-
lated. And the regulatory mechanism on ERG1 has not 
been fully understood.

The sufficient precursor supply has successfully 
boosted PT production [7, 13–15]. Therefore, improv-
ing the activity of ERG1 is an efficient strategy to boost 

the production of PTs. In previous studies, the supply 
of precursor for PT production was usually increased 
by expressing Erg1 with a strong promoter and inte-
grating Erg1 at multi-copy sites [7, 16]. Nonetheless, 
the ability of over-expressing ERG1 to enhance the 
conversion of squalene to SQO, especially SDO, is still 
limited due to its tight regulation. Moreover, the high 
expression level of Erg1 not only imposes a burden on 
microbes, but also significantly increases the content of 
lanosterol for the subsequent sterol synthesis pathway 
[17]. In addition, most genes integrated at multi-copy 
sites cannot be stably inherited [18, 19], thus hindering 
the industrial application of engineered strains. There-
fore, it is urgent to abolish the regulation of ERG1 so as 
to increase the precursor supply for PT production.

It was reported that ERG1 might be negatively reg-
ulated by lanosterol [20]. In this study, the activity of 
ERG7, responsible for the conversion of SQO to lanos-
terol, was weakened by the N-degron-mediated pro-
tein degradation strategy and thus the epoxidation of 
squalene catalyzed by ERG1 was significantly boosted. 
We next analyzed the transcriptional level, protein 
stability and subcellular location of ERG1, and dem-
onstrated that decreasing the protein level of ERG7 
only improved the protein stability of ERG1. Then, 
we tested potential factors regulating ERG1 includ-
ing sterols, N-degrons and ERG7, and confirmed 
that ERG7 might influence the degradation process 
of ERG1. Subsequently, we applied the strategy in the 
production of four different triterpenoids and the con-
centrations (mg/g DCW) of the four different triter-
penoids in ERG7-degraded strains were significantly 
increased compared with the corresponding reference 
strains. Finally, we further optimized a triterpenoid-
producing strain by enhancing the supply of 2,3-oxi-
dosqualene, balancing the flux distribution between 
ergosterol pathway and β-amyrin pathway, and modify-
ing the GAL-regulation system to separate the growth 
stage from the production stages. The optimal strain 
in a two-stage fed-fermentation ultimately produced 
4216.6 ± 68.4 mg/L of β-amyrin, which is the highest up 
to date [21].

Fig. 1 Boosting the epoxidation of squalene by degrading ERG7. A Schematic representation of the PT synthesis pathway on the basis of the 
native ergosterol synthesis pathway in yeast and the revealed negative effect of ERG7 on ERG1. tHMG1, 3‑hydroxy‑3‑methylglutaryl‑coenzym
e‑A reductase 1; IDI1, isopentenyl‑diphosphate delta‑isomerase; ERG20, FPP synthase; ERG9, squalene synthase; ERG1, squalene monooxygenase; 
ERG7, lanosterol synthase; IPP, isopentenyl pyrophosphate; DMAPP, Dimethylallyl diphosphate; FPP, farnesyl diphosphate; SQO, 2,3‑oxidosqualene; 
SDO, 2,3:22,23‑dioxidosqualene; PTs, Polycyclic triterpenoids. B GC chromatograms of ERG7‑degraded strains and the control strain S01. C–H Effect 
of degrading ERG7 by N‑degron‑mediated protein degradation strategy on the corresponding metabolites of squalene (C), SQO (D), SDO (E), 
lanosterol (F), ergosterol (G) and  OD600 (H). Specific peak area is defined as the peak area in the unit dry cell weight. GC–MS analysis of SQO and 
SDO are provided in Additional file 1:Fig. S2. All values presented are the means of three biological replicates, and error bars represent standard 
deviations

(See figure on next page.)
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Results and discussion
Boosting the epoxidation of squalene by degrading ERG7
In S. cerevisiae, PT synthesis pathway was engineered 
based on the native ergosterol synthesis pathway, and 
ERG1, the checkpoint on the ergosterol synthesis path-
way, became the rate-limiting enzyme in the engineered 
PT synthesis pathway [22, 23]. It was reported that the 
native promoter of ERG1 was regulated by ergosterol 
[24]. To remove the regulation, ERG1 placed under the 
control of the GAL10 promoter  (PGAL10) was introduced 
into a squalene-producing strain SquC1 constructed in 
our previous work by enhancing the upstream flux and 
modifying the GAL-regulation system through deleting 
GAL80 and overexpressing GAL4 so as to achieve the 
massive accumulation of squalene (Fig.  1A, Additional 
file  1: Table  S1) [13]. The content of squalene in strain 
S01 was slightly lower than that in strain SquC1, indicat-
ing that the copy number of ERG1 in strain S01 needed to 
be further increased (Additional file 1: Fig. S1). However, 
it was reported that the over-expression of ERG1 could 
increase the level of lanosterol [17, 23], which would 
accelerate the degradation of ERG1 to impede the epoxi-
dation of squalene. Therefore, increasing the copy num-
ber of ERG1 might accelerate the degradation of ERG1 
and made it difficult to increase the activity of ERG1.

To remove the regulation effect of lanosterol on the 
protein level of ERG1, the concentration of lanosterol 
synthase (ERG7) should be reduced. ERG7 is a stable 
protein with a half-life of more than 10 h [25], so it is dif-
ficult to be reduced at the transcriptional level. Another 
method to reduce the concentration of ERG7 is to accel-
erate the degradation of ERG7. The N-degron-mediated 
protein degradation strategy is to fuse a degradation 
signal peptide to the N-terminus of the target protein, 
which can significantly accelerate the digestion of the 
protein [26, 27]. This strategy had been employed to 
reduce the concentration of ERG20 in S. cerevisiae [25]. 
In view of this, four different N-degrons with varying effi-
ciency (K15 < K3K15 < KN119 ≈ KN113) were selected 
to be tagged at the N-terminus of ERG7 in strain S01 
to construct the strains S02, S03, S04 and S05 [25]. As 
expected, compared with strain S01, strains S02, S03, S04 
and S05 showed significant increases in SO contents and 
especially the SQO content was increased by more than 
118 folds, even 279 folds (Fig.  1D, E). Correspondingly, 
the squalene content in these strains was decreased by 
more than 40% or even 79% (Fig. 1C). The sharp decrease 
in squalene content and the obvious increases in SO con-
tents illustrated that the restriction on the epoxidation 
of squalene catalyzed by ERG1 was obviously alleviated. 
Intriguingly, the content of lanosterol in ERG7-degraded 
strains was greatly enhanced by at least fivefold com-
pared with that in strain S01 (Fig.  1F), suggesting that 

the increased total activity of ERG1 in ERG7-degraded 
strains was independent of the lanosterol level. The 
interesting phenomenon exactly supported the scarcity 
of 2,3-oxidosqualene caused by the strict regulation of 
ERG1. Therefore, when the supply of 2, 3-oxisqualene 
for ERG7 was enough, large amounts of lanosterol were 
accumulated. The substantial accumulation of lanos-
terol in ERG7-degraded strains also suggested that ERG7 
possessed the high specific activity. Therefore, down-
regulating ERG7 via the N-degron-dependent protein 
degradation strategy not only improved the epoxidation 
of squalene catalyzed by ERG1, but also weakened the 
competition between the native ergosterol biosynthetic 
pathway and the triterpenoid pathway for SQO.

Identifying the negative effect of ERG7 on ERG1
The above results showed that decreasing ERG7 protein 
level benefited the epoxidation of squalene, suggesting 
that the total activity of ERG1 was improved. Previous 
reports suggested that the transcriptional level, protein 
stability and subcellular localization of ERG1 affected the 
activity of ERG1 [20, 24, 28]. The transcriptome sequenc-
ing data of a ERG7-degraded strain S03 and the control 
strain S01 showed that the mRNA level of ERG1 in strain 
S03 was similar to that in strain S01 (Fig. 2A). The result 
illustrated that the decrease in the protein level of ERG7 
had no effect on the mRNA level of ERG1. The fluores-
cence labeling analysis showed that the protein level of 
ERG1 in ERG7-degraded strains was significantly higher 
than that in the control strain S01, demonstrating that 
the decrease in the protein level of ERG7 enhanced the 
protein stability of ERG1 (Fig. 2B). In the laser scanning 
confocal microscope experiment, we observed that the 
subcellular localization of ERG1 was not obviously dif-
ferent between the two different ERG7-degraded strains 
(S02 and S03) harboring the different activities of ERG1 
(Fig. 2C). In short, decreasing the protein level of ERG7 
affected the degradation process of ERG1 and thus 
improved the total activity of ERG1 so as to accelerate the 
epoxidation of squalene.

In the study, we discovered that ERG1 was more stable 
in ERG7-degraded strains with the massive accumula-
tion of lanosterol compared with the reference strain S01. 
However, in the earlier study [20], lanosterol was found 
to accelerate the degradation of ERG1. The contradic-
tion might be ascribed to the positive effect of lanosterol 
on the expression of ERG7. To investigate the effect, the 
transcription levels of ERG7 in ERG7-degraded strain 
S03 and the reference strain S01 were analyzed. The 
mRNA level of ERG7 in strain S03 was close to that in 
strain S01, suggesting that mRNA level of ERG7 was not 
affected by lanosterol. The effect of ERG7 on ERG1 might 
be independent of lanosterol. Moreover, it was reported 
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that the sterols synthesized in the downstream of lanos-
terol had no effect on the protein stability of ERG1 [20]. 
In view of this, N-degron ERG7 might affect the degrada-
tion process of ERG1. To investigate whether N-degrons 
fused to ERG7 impeded the degradation process of ERG1, 
we over-expressed the N-degron fused ERG7 (K3K15-
ERG7) under the control of constitutive promoter TDH3 
in strain S03 harboring N-degron K3K15 fused to the 
N-terminus of the native ERG7. The resulting strain 
S03K7 accumulated large amounts of squalene and trace 
amounts of lanosterol and SO (Fig. 2D). In other words, 
the performance of strain S03K7 was similar to that of 
strain S01. The result demonstrated that N-degrons fused 
to ERG7 did not affect the degradation process of ERG1. 

To investigate whether ERG7 affected the degradation 
process of ERG1, we selected heterologous lanosterol 
synthases to replace ERG7. We speculated that if ERG7 
affected the degradation process of ERG1, the regula-
tion function was the feature of ERG7 and possibly other 
lanosterol synthases originated from yeasts. In other 
words, the lanosterol synthases originated from other 
species would lose the regulation function on ERG1. In 
this regard, two lanosterol synthases from Gallus gal-
lus (GgLss1) and Talaromyces flavus (TfLss1), and one 
lanosterol synthases from yeast Pichia pastoris (PbLss1) 
were selected to replace Erg7 of strain S01 in vivo, gen-
erating strains S03Gg, S03Tf and S03Pb, respectively. As 
expected, the performances of strains S03Gg and S03Tf 

Fig. 2 Identifying the regulatory effect of ERG7 on ERG1. A The changes in mRNA levels of ERG1 and ERG7 in strain S03 compared to strain S01. The 
data are obtained by transcriptome sequencing and analyzed using HTSeq (v.0.11.1). When |log2 Fold Change|> 1 and P‑Val < 0.05, the mRNA level 
is determined to be significantly upregulated or downregulated. B The comparison of ERG1 protein stability in ERG7‑degraded strain S03 and the 
control strain S01 by fluorescence labeling analysis. GFP is fused to the N‑terminus of ERG1. C The subcellular localization of ERG1 in ERG7‑degraded 
strains and the control strain S01 analyzed by Laser scanning confocal microscopy. GFP is fused to the N‑terminus of ERG1 and mCherry is fused to 
the C‑terminus of ERG7. D The comparison of GC chromatograms of Erg7‑modified strains S03K7, S03Gg, S03Tf, S03Pb and control strains S01 and 
S03. E The GC chromatograms of strains S01, S03 and S06. The concentrations of the corresponding metabolites are provided in Additional file 1: 
Fig. S3. All values presented are the means of three biological replicates, and error bars represent standard deviations
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in the epoxidation of squalene were similar to that of 
strain S03, and the performance of strain S03Pb in the 
epoxidation of squalene was similar to that of strain S01 
(Fig. 2D). The result demonstrated that the negative effect 
of ERG7 on ERG1 was removed in the strains S03Gg and 
S03Tf, but it was not removed in the strain S03Pb. To 
further prove that the stability of ERG1 in Erg7-replaced 
strains was improved, GFP was fused at the N-terminus 
of ERG1 in strain S03Gg and the fluorescence intensity 
of the resulting strain S03GgG was detected. The fluores-
cence intensity of the resulting strain S03GgG was sim-
ilar to that of strain S03G and significantly higher than 
that of strain S01G (Fig. 2B), suggesting that the negative 
effect of ERG7 on ERG1 could be relieved by replacing 
ERG7 with its heterologous counterpart. The protein 
sequences of GgLSS1, TfLSS1, and PbLSS1, respectively, 
had 35%, 42% and 60% identical amino acids with that of 
ERG7 (Additional file 1: Fig. S4). It is believed that pro-
teins with the higher amino acid sequence identity had 
the more similar structures [29]. Therefore, the structure 
of PbLSS1 was more similar to ERG7 among the three 
ERG7 counterparts, indicating that the regulation effect 
of ERG7 on ERG1 did not depend on the enzyme activity 
of ERG7 but the structure of ERG7. The results also sug-
gested that the negative effect of lanosterol synthase on 
squalene monooxygenase existed not only in S. cerevisiae 
but also in other yeasts.

Boosting PT production by promoting the epoxidation 
of squalene
Considering that triterpenoids are usually toxic to cells 
and that adequate substrate supply is important for the 
production of triterpenoids, strain S03 was selected as 
the chassis because of its best growth and higher SQO 
accumulation among these SQO-producing strains 
(Fig.  1D, H). However, the content of 2,3:22,23-dioxi-
dosqualene accumulated in strain S03 was too low. In 
S. cerevisiae, 2,3:22,23-dioxidosqualene was converted 
from 2,3-oxidosqualene by ERG1. To boost the conver-
sion of 2,3-oxidosqualene into 2,3:22,23-dioxidosqualene, 
we placed the  PGAL10 controlling the expression of ERG1 
with a stronger promoter GAL1  (PGAL1) in strain S03. As 
expected, 2,3-oxidosqualene was successfully converted 
into 2,3:22,23-dioxidosqualene in the resulting strain S06 
(Fig.  2E), illustrating that deregulation of ERG1 at pro-
tein level could help unlock the full potential of optimi-
zation strategies at the transcriptional level. To be noted, 

less SDO was accumulated and SQO was substantially 
accumulated in strain S03. Moreover, the proportion of 
SDO was significantly increased with the increase in the 
expression level of ERG1. The phenomenon suggested 
that ERG1 had the higher affinity to squalene than SQO.

To explore whether the deregulation of ERG1 by the 
strategy could effectively boost the production of PTs, 
four different plant-derived OSCs including β-amyrin 
synthase (GgbAs1) from Glycyrrhiza glabr [6], cucurbi-
tadienol synthase (SgCs) from Siraitia grosvenorii [10], 
lupeol synthase (AtLus1) from Arabidopsis thaliana [9] 
and α-onocerin synthase (Ons1) from Ononis spinosa 
[8] were placed under the control of  PGAL1 and then, 
respectively, integrated into the reference strain S01 
and two epoxidized squalene-producing strains (S03 
and S06), thus generating the four groups of PT-pro-
ducing strains: β-amyrin-producing strains (A01, A02, 
and A03), cucurbitadienol-producing strains (C01, C02, 
and C03), lupeol-producing strains (L01, L02, and L03), 
and α-onocerin-producing strains (O01, O02, and O03) 
(Additional file  1: Fig. S5A). In the production strains 
of β-amyrin (Fig.  3A), the concentrations of β-amyrin 
in strains A02 (65.9 ± 12.0  mg/g DCW) and A03 
(147.5 ± 13.5  mg/g DCW) were, respectively, 3.5-fold 
and 7.8-fold of that in strain A01 (18.8 ± 0.7 mg/g DCW), 
demonstrating that the strategy could effectively boost 
the PT production. The concentration of β-amyrin in 
strain A03 was higher than that in strain A02 due to the 
enhanced epoxidation of squalene (Fig.  3A). Moreover, 
SDO was not detected in strain A03 constructed from the 
strain S06, suggesting that the activity of GgbAS1 might 
be higher than that of ERG1. GgbAS1 could deplete SQO 
immediately when squalene was converted into SQO by 
ERG1, so SDO was difficult to be produced in the strain 
A03. Therefore, the high expression of ERG1 benefited 
the epoxidation of squalene and further boosted the 
β-amyrin synthesis.

In the production strains of cucurbitadienol (Fig.  3B), 
the concentrations of cucurbitadienol in strains C02 and 
C03 were similar and higher than that in strain C01. The 
concentration of cucurbitadienol in strain C03 was the 
highest and reached 168.4 ± 5.0  mg/g DCW, which was 
3.7-fold of that in strain C01 (45.1 ± 0.3  mg/g DCW). 
The highest titer of cucurbitadienol in strain C03 was 
494.0 ± 19.4  mg/L (Fig. S5B), which was the highest 
production in shake flasks up to date [30]. Similar to 
β-amyrin, SDO was not detected and only trace amounts 

Fig. 3 Boosting PTs production by promoting the epoxidation of squalene. The effects of the strategy on the corresponding metabolites of PT, 
squalene, SQO, SDO, lanosterol and  OD600 in the β‑amyrin‑producing strains (A), cucurbitadienol‑producing strains (B), lupeol‑producing strains (C) 
and α‑onocerin‑producing strains (D). The titers of each PT are provided in Additional file 1: Fig. S5B. STD is an abbreviation for "Standard". All values 
presented are the means of three biological replicates, and error bars represent standard deviations. The statistical significance was determined by a 
Student’s t-test (***: p < 0.001)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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of 24, 25-epoxycucurbitadienol, the catalytic product 
of SDO by SgCS [10], was accumulated in strain C03 
(Additional file 1: Fig. S6). The result illustrated that the 
substrate preferences of ERG1 for squalene allowed trit-
erpene cyclases to catalyze SQO and the high activity of 
triterpene cyclases depleted SQO as soon as the squalene 
was depleted by ERG1, thus limiting the generation of 
SDO. Therefore, the high expression level of ERG1 was 
conducive to the production of SQO-derived triterpe-
noids, in which the first committed step of SQO was 
catalyzed by triterpene cyclases with higher enzymatic 
activities.

In the production strains of lupeol (Fig.  3C), strain 
L02 produced the highest concentration of lupeol, 
111.7 ± 1.8  mg/g DCW, which was 2.8-fold of that in 
strain L01 (39.5 ± 1.9 mg/g DCW). The titer of lupeol in 
strain L02 was the highest and reached 487.5 ± 5.1 mg/L 
(Additional file 1: Fig. S5B), which was the highest pro-
duction in shake flasks up to date [31]. However, the 
lupeol concentration in strain L03 was lower than that in 
strain L01. Compared with the strains L01 and L02, strain 
L03 had higher SDO and more by-products accumula-
tion, unlike the production of β-amyrin and cucurbitadie-
nol in the same background strain S06. The accumulation 
of SDO in strain L03 indicated that SQO was in surplus 
when squalene was depleted by ERG1, suggesting that the 
activity of AtLUS1 was lower than ERG1. Therefore, an 
appropriate expression level of ERG1 to boost the epoxi-
dation of squalene was important for the production of 
SQO-derived triterpenoids, in which the first committed 
step of SQO was catalyzed by triterpene cyclases pos-
sessing the lower enzymatic activities.

In the production strains of SDO-derived PT 
α-onocerin (Fig.  3D), strain O03 produced the high-
est α-onocerin concentration (325.4 ± 9.1  mg/g DCW) 
(Additional file 1: Fig. S5B), which was 154.9-fold of that 
in strain O01 (2.1 ± 0.5 mg/g DCW) and 3.9-fold of that 
in strain O02 (84.4 ± 1.7 mg/g DCW) because the expres-
sion of ERG1 placed under the control of a strong pro-
moter contributed to SDO accumulation (Fig.  2E). The 
titer of α-onocerin in strain O03 was the highest and 
reached 684.0 ± 19.7  mg/L, which was the highest pro-
duction in shake flasks up to date. Therefore, the strategy 
was significant for the construction of yeast cell factories 
of producing SDO-derived products and the discovery of 
new enzymes utilizing SDO as a substrate.

In summary, the strategy benefited the production of 
SQO- and SOD-derived triterpenoids by increasing the 
precursor supply. In the production of SDO-derived 
triterpenoids, the high expression level of ERG1 was 
conducive to the epoxidation of squalene to SDO, thus 
boosting the production of SDO-derived triterpenoids. 
In the production of SQO-derived triterpenoids, the 

strategy showed difference performances because 
the high expression level of ERG1 not only achieved 
the complete conversion of squalene, but also com-
peted with triterpene cyclases for SQO. If SQO could 
be depleted by triterpene cyclases as soon as squalene 
was depleted by ERG1, the high expression level of 
ERG1 benefited the production of SQO-derived trit-
erpenoids. If SQO was in surplus when squalene was 
depleted by ERG1, the protein level of ERG1 should 
be precisely controlled. In other words, the appropri-
ate protein level of ERG1, which ensured the complete 
conversion of squalene into SQO and avoided the com-
petition between ERG1 and triterpene cyclases, could 
significantly improve the production of SQO-derived 
triterpenoids. In brief, the properties of triterpene 
cyclases should be taken into consideration when the 
strategy was applied in the production of SQO-derived 
triterpenoids.

Boosting PT production by optimizing the distribution 
of metabolic flux
Sterols played an important role in cell growth, so the 
metabolic flux of the sterol synthesis pathway should 
be also considered [11]. The best-performing strains 
in PT production were almost confronted with the 
insufficient supply of squalene (Fig.  3), indicating that 
the metabolic flux of the upstream pathway should be 
enhanced. Here, taking the production of β-amyrin 
as an example, based on the strain A01, all the genes 
in the pathway from acetic acid to squalene placed 
under the control of  PGAL1/10 were firstly overex-
pressed to generate strain AC01, which could produce 
321.8 ± 20.7  mg/g DCW squalene and 24.1 ± 0.7  mg/g 
DCW β-amyrin. Given that the conversion of squalene 
to SQO was influenced by the protein concentration 
ratio of ERG1 to ERG7 and that the distribution of 
SQO between sterol synthesis pathway and β-amyrin 
synthesis pathway was determined by the protein lev-
els of ERG7 and GgbAS1 (Fig.  4A), two N-degrons 
(K15 and K3K15) for adjusting the protein level of 
ERG7 together with two combined expression cas-
settes for adjusting the protein levels of ERG1 and 
GgbAS1  (TCYC1-Erg1-PGAL1-PGAL10-GgbAs1-TADH1, 
 TCYC1-GgbAs1-PGAL1-PGAL10-Erg1-TADH1) were then 
introduced into strain AC01, thus generating strains 
AC20, AC21, AC22 and AC23, respectively. Com-
pared with strain A03 (294.0 ± 19.2  mg/L), the best-
performing strain AC22 increased the β-amyrin titer to 
403.1 ± 2.8 mg/L (128.4 ± 0.5 mg/g DCW), the highest 
production in shake flasks in current studies (Fig.  4B, 
C) [21].
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Modifying GAL‑regulation system to relieve the conflict 
between growth and production
In S. cerevisiae, the native GAL-regulation system is 
inhibited by the transcriptional repressor GAL80 and 
activated by GAL4 [32]. The GAL-regulation system in 
strain SquC1 was modified by knocking out Gal80, thus 
making the transcription of GAL promoters only respon-
sive to glucose concentration. In addition, the galactose 
metabolic genes Gal 1/7/10 were also deleted and one 
copy of Gal4 under the control of  PGAL4 was introduced 
to improve the transcriptional efficiency of genes in the 
engineered pathway (Fig. 5A, Additional file 1: Table S1). 
However, glucose at low concentrations could not com-
pletely block the expression of target genes, thus lead-
ing to earlier biosynthesis of the target product [33]. 
The massive accumulation of β-amyrin in the early stage 
could cause heavy metabolic burden on cell growth 
[21], so the GAL-regulation system should be further 
modified.

GAL80 is the only regulator to repress the transcrip-
tion of GAL1–GAL10 promoters under low concentra-
tions of glucose and the high protein level of GAL80 
needs more galactose to activate the GAL-regulation 
system, thus increasing the fermentation costs. Due to 
the long half-life of GAL80 under the galactose induc-
tion condition [34], the protein stability of GAL80 was 
recombined by fusing four N-degrons (K15, K3K15, 
KN113 and KN119) to its N-terminus to modify the 
GAL-regulation system. The parent strain CGFP01 

was constructed by introducing one copy of Gfp under 
the control of  PGAL1 into strain SquC1. Then GAL80 
and four engineered GAL80 (K15-GAL80, K3K15-
GAL80, KN119-GAL80 and KN113-GAL80) were 
introduced into strain CGFP01, generating strains 
CGFP02, CGFP03, CGFP04, CGFP05 and CGFP06. 
The fluorescence intensity in CGFP01 was significantly 
higher than that in other five strains, demonstrat-
ing that the introduction of GAL80 blocked the leaky 
expression (Fig.  5B). The relative fluorescence inten-
sities in GAL80-engineered strains were similar and 
slightly higher than that in strain CGFP02 (Fig.  5B), 
so strain CGFP06 possessing the lowest GAL80 con-
centration and strain CGFP02 were selected and the 
transcriptional efficiency of genes in the two strains 
were compared. When the galactose concentration in 
the medium reached 5  g/L, the relative fluorescence 
intensity in strain CGFP06 was close to that in strain 
CGFP01 (Fig.  5C). However, the relative fluorescence 
intensity in strain CGFP02 was obviously lower than 
that in strain CGFP01, although a high galactose con-
centration (20  g/L) was maintained in the medium 
(Fig.  5C). Therefore, the engineered GAL80 (KN113-
GAL80) might be an optimal option to modify the 
GAL-regulation system. After the addition of galactose 
(final concentration = 5  g/L) at the beginning of fer-
mentation, the relative fluorescence intensity in strain 
CGFP06 was gradually increased close to that in strain 
CGFP01 after 18  h (Fig.  5B), demonstrating that the 

Fig. 4 Boosting PT production by optimizing the distribution of metabolic flux. A Schematic diagram of pathway optimization in the 
β‑amyrin‑producing strain A01. B–D Effects of enhancing squalene supply and optimizing SQO distribution on β‑amyrin concentration (B), 
β‑amyrin titer (C) and  OD600 (D)
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addition of galactose could rapidly remove the repres-
sion of GAL80, and lead to the timely transcription of 
GAL1–GAL10 promoters.

To evaluate the effect of the modified GAL-regulation 
system on PT production, the KN113-Gal80 expression 
cassette was introduced into strain AC22, generating 
strain AC24. Then, the growth state of strain AC24 was 
measured during shake flask fermentation under galac-
tose or galactose-free conditions. Obviously, the growth 
state of AC24 under galactose-free conditions was bet-
ter than that under galactose conditions (Fig.  5D). 
Moreover, the β-amyrin concentration in strain AC24 
under galactose-free condition was significantly lower 
than that in galactose condition, and the introduction 
of the engineered GAL80 had no negative effect on PT 
production (Figs. 5E, 4B), demonstrating that the two-
stage fermentation could be achieved by adjusting the 
addition time of galactose.

Two‑stage controlled high‑density fermentation 
of β‑amyrin
For the purpose of fed-batch fermentation, strain AC25 
was constructed by complementing the auxotrophic 
markers in AC24. To relieve the significant growth bur-
den caused by the massive accumulation of β-amyrin in 
the early stage, a two-stage fermentation strategy com-
posed of cell growth stage and β-amyrin accumulation 
stage was applied (Fig. 6A). Considering that ethanol was 
conducive to increasing the supply of cytosolic acetyl-
CoA for production [35]; we, respectively, added glucose 
as the main carbon source in cell growth stage and etha-
nol as the main carbon source in the production stage of 
β-amyrin. At the beginning of fermentation, the strain 
grew rapidly and glucose solution was supplemented 
after 6 h. Due to the strict regulation of GAL-regulation 
system, β-amyrin was rarely accumulated. After 18  h, 
the strain entered the logarithmic growth phase and 

Fig. 5 Engineering GAL80 to modify the GAL‑regulation system. A Schematic diagram of the GAL‑regulation system and the Snf1 network in S. 
cerevisiae. B Measurements of the leaky expression in different GAL80‑engineered strains using GFP as reporter. Strains CGFP01, CGFP02, CGFP03, 
CGFP04, CGFP05 and CGFP06 were cultured in YPD, and CGFP06 was also cultured in YPD with addition of 5% galactose. C Measurements of the 
transcriptional efficiency in different GAL80‑engineered strains using GFP as reporter under conditions of different galactose concentrations. D 
Comparison of the growth state of strain AC24 with or without the addition of 5% galactose. E Comparison of β‑amyrin production in the strain 
AC24 with or without the addition of 5% galactose
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 OD600 reached about 48. At this time, 15  g of galactose 
was added to switch on the promoters of GAL1–GAL10. 
Due to the rapid accumulation of β-amyrin, the strain 
began to grow slowly (Fig. 6A). After 30-h adaption, the 
strain began to grow quickly and  OD600 reached about 
96. At this time, absolute ethanol was supplemented as 
the main carbon source and the feeding rate of glucose 
solution was gradually reduced. After 90  h, the strain 
entered the logarithmic growth phase again and abso-
lute ethanol as the sole carbon source was supplemented 
until the end of the fermentation. In the fermentation 
process, β-amyrin titer gradually increased within 96  h 
(up to 1731.6 ± 65.0 mg/L). After that, β-amyrin titer was 
decreased slightly. The final β-amyrin titer in the fermen-
tation broth was 1516.8 ± 75.0 mg/L at 162 h (Fig. 6A).

Surprisingly, after 70  h, some white solids began to 
accumulate on the tank wall. The amounts of these 
white solids increased significantly in the late fermenta-
tion stage and β-amyrin titer in the cell remained almost 
unchanged (Fig.  6). It was thus believed that β-amyrin 
accumulated in these white solids (Additional file 1: Fig. 
S7) [36]. After fermentation for 162 h, 3L of ethyl acetate 
with fermentation broth was added for extraction. The 
titer of β-amyrin was 4216.6 ± 68.4  mg/L with the con-
centration of 77.9 ± 13.3  mg/g DCW and the biomass 
 OD600 was 265 (Fig. 6A).

Conclusions
In this work, the regulatory effect of ERG7 on ERG1, the 
rate-limiting enzyme in triterpenoid pathway, was iden-
tified and then a rational metabolic engineering strategy 
involving deregulation of ERG1 was implemented to 
improve the production of different triterpenoids derived 
from SQO or SDO, resulting in 3 to eightfold increase 
in SQO-derived triterpenoid production and 155-fold 

increase in SDO-derived triterpenoid production. Subse-
quently, the β-amyrin-producing strain was selected and 
the distribution of metabolic flux in the strain was opti-
mized. Finally, the GAL-regulation system was modified 
to relieve conflict between growth and production. By a 
two-stage high-density fermentation, the maximum titer 
of β-amyrin achieved 4216.6 ± 68.4  mg/L with the con-
centration of 77.9 ± 13.3 mg/g DCW in a 5-L bioreactor. 
The result represents the highest titer of β-amyrin syn-
thesized in microorganisms.

Materials and methods
Strains, media and reagents
The engineered yeasts were kept on YPD medium for cul-
ture experiments. Yeast transformants were screened on 
synthetic complete medium containing an auxotrophic 
marker (FunGenome, Beijing, China) [37]. 5-Fluorooro-
tic acid was used for counterselection of yeast transfor-
mants. Trans5α Chemically Competent Escherichia coli 
(TransGen Biotech, Beijing, China) was used for plasmid 
construction and grown in LB medium with 100 μg/mL 
of ampicillin when required.

Yeast strains construction
All yeast strains used in this study are listed in Additional 
file 1: Table S1. The Cas9 expression plasmid pTCL was 
introduced into strain SquC1 for subsequent gene edit-
ing [13]. In the construction of each strain, the amplified 
upstream homologous arm, the downstream homolo-
gous arm, cassettes with at least 50  bp overlapped with 
the homologous arms, and the gRNA plasmid were co-
transformed into the yeast cells with the Frozen-EZ Yeast 
Transformation II™ Kit (ZYMO RESEARCH, USA) and 
then plated on SD-Leu-Ura medium. Transformants were 
directly verified through colony PCR using KOD-FX101 

Fig. 6 The production of β‑amyrin in the two‑stage fed‑batch fermentation. A Fed‑batch fermentation of strain AC25. The glucose feeding solution 
is added at  6th h. Green arrow represents the addition of galactose, red arrow represents the supplementation of absolute ethanol, blue arrow 
represents the end of glucose supplementation and the absolute ethanol was supplemented until the end of the fermentation. B The accumulation 
of white solids on the tank wall. All values presented are the means of three biological replicates, and error bars represent standard deviations
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(TOYOBO, Japan). To achieve continuous gene editing, 
the engineered strains were cross-streaked on an SD-
Leu-5-FoA plate to remove gRNA plasmids.

To construct Erg7 replaced yeast strains, the heter-
ologous lanosterol synthase genes PbLss1 and TfLss1 
were, respectively, amplified from the genomes of strains 
Pichia pastoris and Talaromyces flavus and the heterolo-
gous lanosterol synthase gene GgLss1 was synthesized 
by GENERY (Shanghai, China) with codon optimiza-
tion. Then the upstream homologous arm and the down-
stream homologous arm of Erg7 were amplified from the 
genome of CEN.PK2-1C. Finally, the heterologous lanos-
terol synthase, the homologous arms and the gRNA plas-
mid pSCM-ERG7C were co-transformed into the yeast 
cells, and the transformed yeast cells were plated on SD-
Leu-Ura medium. The primers used for amplification of 
the DNA fragments in this study are provided in Addi-
tional file 1: Table S3 and sequences of the heterologous 
lanosterol synthase genes are listed in Additional file  1: 
Table S4.

Plasmids construction
All plasmids used in this study are listed in Additional 
file 1: Table S2. To construct cassettes of all the PTs syn-
thesis pathway genes (Acs1, Erg10, Erg13, tHmg1, Erg12, 
Erg8, Erg19, Idi1, Erg20, Erg9, Erg1, GgbAs1, AtLus1, SgCs 
and Ons1), traditional restriction enzyme-based clon-
ing was used. gRNA plasmids targeting different genome 
sites were designed on CRISPRdirect (http:// crispr. dbcls. 
jp/) and constructed using a Gibson assembly cloning kit 
(Yeason, China). For Erg10, Erg13, tHmg1, Erg12, Erg8, 
Erg19, Idi1, Erg20, Erg9 and Erg1 genes, the used seg-
ments were amplified from the CEN.PK2-1C genome. 
For GgbAs1, AtLus1, SgCs and Ons1 genes, the pub-
lished sequences from Glycyrrhiza glabra (Q9MB42.1), 
Arabidopsis thaliana (AT1G78970), Siraitia grosvenorii 
(K7NBZ9.1) and Ononis spinosa (KY625496) were 
acquired from NCBI Database (https:// www. ncbi. nlm. 
nih. gov/) and synthesized by GENERY (Shanghai, China) 
with codon optimization. The primers used for amplifica-
tion of the DNA fragments in this study are provided in 
Additional file 1: Table S3.

Shake‑flask cultivation of engineered yeasts
First, colonies of engineered yeast strains were seeded 
into 5 mL of YPD liquid medium and cultivated at 30 °C 
on a rotary shaker (220  rpm) for 18 h. Second, the cul-
tivation solutions were transferred into 15-mL YPD 
medium at an initial optical density at 600  nm  (OD600 

nm) of 0.1 and then cultivated for approximately 14 h at 
30  °C. Finally, the fermentation seeds were inoculated 
into 50 mL of fresh YPD medium in a 250-mL shake flask 
at an initial  OD600 nm of 0.2 and cultivated at 30 °C for 7d.

Transcriptomic (RNAseq) analysis
According to the culture method of shake-flask cultiva-
tion, strains S01 and S03 were seeded and cultivated. 
When fermenting for 20  h, strains S01 and S03 were 
collected by centrifugation for total RNA extraction. 
Library preparation and sequencing were entrusted to 
Shanghai Personal Biotechnology Co., Ltd. (Shanghai, 
China). Three individual samples were sequenced. Raw 
sequences were quality-filtered and mapped to the CEN.
PK2-1C reference genome from Saccharomyces Genome 
Database (SGD) with the HISAT2 software (http:// 
ccb. jhu. edu/ softw are/ hisat2/ index. shtml). To examine 
the correlation of gene expression levels among these 
two samples, Pearson correlation coefficient was esti-
mated (Additional file 1: Fig. S8). The correlation coeffi-
cient between 0.8 and 1 indicated that the similarity of 
the expression patterns among these two samples was 
high. In contrast, the correlation was low when correla-
tion coefficient was between 0 and 0.8. Gene expression 
analysis was performed with HTSeq (v. 0.11.1) and differ-
entially expressed genes (DEGs) were screened according 
to the conditions of expression difference multiple |log2 
Fold Change|> 1 and significant P-value < 0.05.

Fluorescence detection and laser scanning confocal 
microscopy (LSCM)
Yeast cells containing the GFP gene were cultured in YPD 
medium at 30 °C for 1d and then collected by centrifuga-
tion at 5,000 rpm for 2 min and washed with phosphate 
buffer (PBS, 100  mM, pH 7.4). To test the relative fluo-
rescence intensity, the samples were diluted with PBS to 
 OD600 = 10 and were measured by a SpectraMax M5 
microplate reader (excitation 488 nm; emission 520 nm) 
at sensitivity = 100. To observe the fluorescence changes 
visually, 10 μL of cell preparations were directly plated on 
slides and observed at 488 nm and 561 nm with a Nikon 
A1R confocal laser scanning microscopy (Nikon, Japan).

Extraction and quantification of triterpenoids
To extract triterpenoids including squalene, 2,3-oxi-
dosqualene, lanosterol, ergosterol, β-amyrin, cucurbi-
tadienol, lupeol and α-onocerin, 600 μL of resuspended 
cultured cells and 600 μL of ethyl acetate were mixed 
with 1.5  g of zirconia beads (diameter of 0.5  mm) in 
2  mL of microcentrifuge tubes and shaken for 30  min 
at 55 Hz and − 4 °C with a freeze grinder (Shanghai Jin-
gxin, China). The vibrated mixture was separated by 
centrifugation at 12,000  rpm for 10  min and the upper 
organic phase was used for GC detection after dehy-
dration by anhydrous Sodium sulphate. The GC system 
(Agilent 7820 A, USA) was equipped with an HP-5 cap-
illary column (30 m × 0.25 mm, 0.25 μm film thickness) 
and a flame ionization detector (FID) using  N2 (1  mL/

http://crispr.dbcls.jp/
http://crispr.dbcls.jp/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://ccb.jhu.edu/software/hisat2/index.shtml
http://ccb.jhu.edu/software/hisat2/index.shtml
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min) as the carrier gas. The oven temperature was pro-
grammed to rise from an initial temperature of 80 °C for 
1  min, gradually increased to 280  °C at a rate of 20  °C/
min, maintained for 25 min. Standard 2,3-oxidosqualene, 
lanosterol, ergosterol, β-amyrin, cucurbitadienol, lupeol 
and α-onocerin compounds were purchased from Bio-
BioPha (Yunnan, China). To measure the dry cell weight 
(DCW), an aliquot of the culture (30 mL) was harvested 
by centrifugation at 5000 × g for 8 min. The collected cells 
were washed with water and dried to a constant weight 
by Vacuum freeze dryer (Songyuan, Beijing). We calcu-
lated the following relationship between  OD600 per liter 
and DCW: One  OD600 per liter is equal to 0.204  g. All 
results were reported as the average of three replicates.

Fed‑batch fermentation
To prepare the first seed cultures, a monoclone was 
picked from YPD plate and inoculated into a 5-mL YPD 
tube and then cultured at 30  °C for approximately 18  h 
in a rotary shaker at 220 rpm. The second seed cultures 
were prepared by transferring 0.15  mL of the first cul-
tures into 250-mL flasks containing 15  mL of YPD and 
then cultured for approximately 14  h at 220  rpm and 
30 °C. The third seed cultures were prepared by transfer-
ring 3 mL of the second cultures into 500-mL flasks con-
taining 100 mL of YPD. These cultures were maintained 
for approximately 24 h in a rotary shaker at 230 rpm and 
30  °C, and then 10% (vol/vol) of the seed cultures were 
inoculated into a 5-L bioreactor (Bai Lun, China) with 
2.7 L of medium. The media used for fed-batch fermenta-
tion were composed of YPD, 8 g/L  KH2P04, 3 g/L  MgS04, 
0.72 g/L  ZnS04·7H20, 10 mL/L trace metal solution, and 
12 mL/L vitamin solution [38]. Fermentation was carried 
out at 30 °C and pH was maintained at 5.5 by automatic 
feeding of 5 M ammonia hydroxide. The dissolved oxygen 
concentration was maintained above 40% saturation by 
an agitation cascade (200 − 850 rpm) with an airflow rate 
of 2 vvm (air volume/working volume/min).

We employed a two-stage fed-batch strategy. At the 
first stage, a feeding solution containing 500 g/L glucose, 
9  g/L  KH2PO4, 2.5  g/L  MgSO4, 3.5  g/L  K2SO4, 0.28  g/L 
 Na2SO4, 10 ml/L trace metal solution and 12 ml/L vita-
min solution [38], along with 10  g/L yeast extract and 
20 g/L peptone as a nitrogen source was used to achieve 
rapid cell growth. At the second stage, when the strain 
entered the logarithmic or late-logarithmic growth 
phase, galactose was added to switch on the β-amyrin 
biosynthesis pathway. When the cells were adapted 
and achieved to quickly grow, the feeding solution was 
changed to absolute ethanol to support β-amyrin accu-
mulation and the ethanol concentration in the fermen-
tation broth was maintained between 5 and 15 g/L. The 

ethanol concentration constantly monitored by an etha-
nol electrode (Bai Lun, China).

Extraction and quantification of total β‑amyrin 
in the Fed‑batch fermentation
After fed-batch fermentation, the final volume of fer-
mentation broth was measured as same as the volume 
of initial fermentation liquid (3L). Next, the fermenta-
tion broth was transferred into a 10-L beaker and 3L of 
ethyl acetate was added. Then, the liquid was stirred by 
a mixer for 60 min and 1 mL of the mixture was trans-
ferred into 2  mL of microcentrifuge tubes with 2.0  g of 
zirconia beads (diameter of 0.5  mm). According to the 
method of extraction and quantification of triterpenoids, 
the total titter of β-amyrin in the fermentation broth was 
determined.
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