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A B S T R A C T   

Precisely controlling gene expression is beneficial for optimizing biosynthetic pathways for improving the pro
duction. However, promoters in nonconventional yeasts such as Ogataea polymorpha are always limited, which 
results in incompatible gene modulation. Here, we expanded the promoter library in O. polymorpha based on 
transcriptional data, among which 13 constitutive promoters had the strengths ranging from 0–55% of PGAP, the 
commonly used strong constitutive promoter, and 2 were growth phase-dependent promoters. Subsequently, 2 
hybrid growth phase-dependent promoters were constructed and characterized, which had 2-fold higher activ
ities. Finally, promoter engineering was applied to precisely regulate cellular metabolism for efficient production 
of β-elemene. The glyceraldehyde-3-phosphate dehydrogenase gene GAP was downregulated to drive more flux 
into pentose phosphate pathway (PPP) and then to enhance the supply of acetyl-CoA by using phosphoketolase- 
phosphotransacetylase (PK-PTA) pathway. Coupled with the phase-dependent expression of synthase module 
(ERG20~LsLTC2 fusion), the highest titer of 5.24 g/L with a yield of 0.037 g/(g glucose) was achieved in strain 
YY150U under fed-batch fermentation in shake flasks. This work characterized and engineered a series of pro
moters, that can be used to fine-tune genes for constructing efficient yeast cell factories.   

1. Introduction 

Microbial cell factories have been regarded as an ecologically- 
friendly, sustainable, and effective way for production of chemicals. 
Efficient production of biofuels [1–3], terpenoids [4–7] and other 
valuable chemicals [8,9] have been achieved in model microbes, such as 
Escherichia coli, Saccharomyces cerevisiae and Bacillus subtilis. Chemicals 
with long and complex pathways require precise metabolic modulation, 
including compartmentalization [10], modular pathway engineering 
[11], and promoter engineering [12]. 

Promoter engineering is a feasible approach to balance gene 
expression for fine-tuning metabolic pathways [13,14]. For example, the 
balanced expression level of 4CL1 and VST1 by exchanged promoters 
increased the titer of resveratrol by 2.6-fold [15], and fatty acid pro
duction was also significantly promoted by precisely regulating gene 
PGI1 and IDH2 [16]. In particular, it is critical to carefully select 

promoter for gene regulation during pathway optimization. Through 
evaluation of a combinatorial expression cassette library for mevalonate 
pathway genes, the medium-strength expression of ERG12 was found to 
be beneficial for product biosynthesis in S. cerevisiae [17]. Randomly 
combination of promoters for optimizing the expression of pathway 
genes enabled enhanced glucose consumption [18], and increased pro
duction of patchoulol [19] and carotenoid [20] in S. cerevisiae. With the 
development of synthetic biology, a variety of promoters were charac
terized in model yeast S. cerevisiae [21–23] or other non-conventional 
yeast such as Yarrowia lipolytica [24,25], Pichia pastoris [26,27]. How
ever, there are limited promoters other than methanol inducible pro
moters that have been characterized in O. polymorph [28], which is 
incompatible for pathway optimization under non-methanol medium. 
Furthermore, responsive promoters should make great sense for 
dynamically controlling cell factories [29,30]. Glucose responsive GAL 
and HXT1 promoters in S. cerevisiae achieved higher (+)-valencene 
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production due to temporal separation of product formation from cell 
growth [31]. Fatty acid/acyl-CoA responsive promoters were also 
identified and drove higher metabolic flux to fatty alcohol biosynthesis 
[32]. 

Recently, nonconventional microorganisms have attracted much 
attention owing to some unique biochemical characteristics, including 
wide substrate spectrums, as well as tolerance to harsh conditions 
[33–35]. Ogataea polymorpha is supposed to be an ideal host for pro
duction of chemicals from diverse carbon sources, such as free fatty 
acids from glucose and xylose [36], 3-hydroxypropionate and fatty 
alcohol from methanol [37,38] and β-elemene from glucose [39]., 
Furthermore, there are well-established genome editing technologies 
[40,41] available for metabolic engineering of O. polymorpha. However, 
the limited promoter library, especially for responsive promoters, 
greatly hinders precise regulation of gene expression and pathway 
optimization in O. polymorpha. 

In this study, we characterized 15 promoters in O. polymorpha based 
on transcriptional data and identified a series of constitutive promoters 
with strengths ranging from 0–55% of PGAP, a constitutive promoter of 
glyceraldehyde-3-phosphate dehydrogenase gene. Furthermore, two 
growth phase-dependent promoters were also identified. Subsequently, 
two hybrid growth phase-dependent promoters were constructed, which 
had 2-fold increased activities compared to the wild-type promoters. 
Finally, these characterized promoters were used to rewire the central 
metabolism for improving the supply of acetyl-CoA, which achieved 
high level β-elemene production of 5.24 g/L with yield of 0.037 g/(g 
glucose) without compromising the cellular fitness, coupled with the 
phase-dependent expression of synthase module (ERG20~LsLTC2 
fusion) (see Fig. 1). 

2. Results 

2.1. Selecting candidate promoters by transcriptomic analysis 

To expand the promoter library for precise metabolic engineering in 
O. polymorpha, wild-type strain was cultivated in glucose minimal 

medium and then collected at exponential phase and stationary phase 
for RNA-seq (Fig. 2A). FPKM (fragments per kilobase of exon model per 
million mapped reads) values are usually used for characterizing pro
moters [22,26], considering the positive correlation between the 
strengths of previously reported promoters (characterized by eGFP 
fluorescence intensities) [28,42] and FPKM values (Fig. S1A). On this 
basis, housekeeping gene actin (OGAPODRAFT_17014) with an average 
FPKM value of 1000 was used as reference, 12 candidate constitutive 
promoters from genes with FPKM≥3 FPKMACT were selected. Also, 3 
candidate responsive promoters were included, whose expression pre
sented largely different FPKM values at different sampling times 
(Tables S1–2). 

To minimize the promoter lengths for the convenience of con
structing gene expression cassettes, the region between two neighboring 
genes [43,44] was defined as the promoter, despite 1000 bp upstream of 
the CDS region was commonly used as the promoter in O. polymorpha 
[28,42]. Particularly, for those promoters with lengths of less than 200 
bp, or more than 1000 bp, 500 bp and 1000 bp upstream of the start 
codon were adopted as the promoters, respectively (Tables S1–2). 

2.2. Promoter characterization by using fluorescent protein 

Enhanced green fluorescent protein (eGFP) has been frequently used 
for promoter characterization in yeasts [22,28,42,44,45]. Therefore, the 
fluorescence intensities of eGFP driven by all promoter candidates were 
assayed at early (20 h) and late exponential phase (36 h), early (48 h) 
and late (72 h) stationary phase, respectively. As shown in Fig. 2B, these 
promoters possessed diverse strengths, among which Pro-Y4 showed the 
highest activity (55.2% of PGAP), followed by Pro-Y7 and Pro-Y1 (around 
30% of PGAP). Surprisingly, Pro-Y3 and Pro-Y8 had nearly no detectable 
fluorescence signal, which were quite different from FPKM values. 
Pro-Y8 is the promoter of NADH-L-xylulose reductase gene (Table S1) 
and functional during xylose metabolism, which would be repressed 
under glucose medium. While Pro-Y3, the low fluorescence is out of our 
expectation with unknown reasons. Similar results about inconsistence 
between transcriptional and protein level were also reported in some 

Fig. 1. Promoter identification improves the production of desired product through precise regulation of metabolic pathways. Chemicals with long and complex 
pathways require precise metabolic modulation, and promoter engineering is a powerful strategy. Therefore, constructing promoter library is important in the 
nonconventional yeast, O. polymorpha. We identified constitutive promoters and growth phase-dependent promoters for pathway optimization (weak promoters 
downregulated genes in EMP pathway, and strong constitutive promoters enhanced genes in MVA pathway, moreover, growth phase-dependent promoter was used 
for synthase expression) to achieve efficient production of β-elemene. 
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other genes [26]. Similar to the reported study [27], the fluorescence 
intensities of these constitutive promoters as well as PGAP dramatically 
decreased at late stationary phase (Fig. 2B). 

Promoters Pro-Y13 and Pro-Y14 showed responsive behaviors with 
growth phases, which showed low activities at early growth stage (20 h 
and 36 h), and had high activities at early stationary phase, and even late 
stationary phase when strength of PGAP largely decreased (Fig. 2C, 
Fig. S1B). However, Pro-Y15 exhibited low fluorescence signals in the 
whole period (Fig. 2C). Considering the possible applications of 
responsive promoters in fed-batch fermentation, we investigated the 
influence of glucose feeding on the activities of Pro-Y13 and Pro-Y14. 
Feeding glucose into the medium at 43 h (Fig. S1C), the fluorescence 
signals of Pro-Y14 and PGAP decreased, while at 96 h, the activities of 
Pro-Y13 and Pro-Y14 significantly increased (Fig. 2D). Pro-Y14, the 
promoter of a gene annotated as a putative transmembrane protein that 
involved in export of ammonia, which provides the major route for 

shuttling ammonium NH4
+ and NH3 [46]. Feeding fresh medium with 

sufficient ammonia resulted the repression of Pro-Y14 after 43 h. With 
strains growing and consuming of the ammonia after 72 h, the promoter 
functions again. Pro-Y13, the promoter of a heat shock protein gene, 
which was activated in response to stresses [47]. The accumulation of 
toxic metabolites under stationary phase, especially late stationary 
phase resulted higher cellular stress and activated the transcription of 
Pro-Y13 after 72 h. Thus, these two responsive promoters would be 
suitable for dynamic regulation of product biosynthesis in the fed-batch 
models. 

Subsequently, we evaluated the performance of Pro-Y13 and Pro-Y14 
in minimal medium with methanol or xylose as sole carbon sources, 
another two common substrates for O. polymorpha. The two promoters 
both showed similar profiles with those in glucose (Fig. 2E–F, Fig. S2). 
Interestingly, promoter PGAP showed obviously lower activities in 
methanol and xylose medium than that in glucose (comparing Fig. 2C 

Fig. 2. Screening and characterizing constitutive and responsive promoters from O. polymorpha. (A). Schematic diagram of promoter characterization based 
on transcriptional data. Fluorescence intensities of candidate constitutive promoters (B) and responsive promoters (C) were detected in minimal medium with 20 g/L 
glucose. Fluorescence assay was conducted in 96 deep-well plate and the samples were taken at early (20 h) and late (36 h) exponential phase, early (48 h) and late 
(72 h) stationary phase. eGFP controlled by PGAP was used as positive control, while strain without eGFP (WT) was used as negative control. Fluorescence intensities 
of candidate responsive promoters were evaluated under glucose feeding fermentation (D), 10 g/L methanol (E) or 10 g/L xylose (F) minimal medium in shake flasks. 
In the glucose feeding fermentation, glucose was fed into the medium at 43 h. The data showed in B and C was calculated from four biological replicates. 
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with Fig. 2E–F), which might be caused by the low activity of glycolysis 
under methanol and xylose medium; whereas the activities of Pro-Y13 
and Pro-Y14 were barely affected among different substrates. Since 
the expression profile of Pro-Y13 and Pro-Y14 were related to the cell 
growth, therefore, Pro-Y13 and Pro-Y14 could be defined as growth 
phase-dependent promoters [48], which were activated at stationary 
phase. 

2.3. Engineering growth phase-dependent promoters 

Although Pro-Y13 and Pro-Y14 were growth phase-dependent, the 
low activities in glucose (30% of PGAP) limited their application in 
metabolic engineering (Fig. 2C). We thus tried to enhance the promoter 
activity by engineering the upstream activation sequence (UAS). Based 
on the prediction of the putative core promoters and transcriptional 
binding sites, we truncated Pro-Y13 and Pro-Y14 into 5 and 6 parts, 
respectively (Fig. 3A and B), and then characterized these truncated 
promoters by using eGFP. Pro-Y13-S1 and Pro-Y14-S1 exhibited nearly 
no fluorescence, which was defined as the core promoter region. 
Considering the gradually increased fluorescence signals of the trun
cated promoters S2 and S3, two UAS elements (UAS1 and UAS2) were 
identified in regions S2–S1 and S3–S2 in both Pro-Y13 and Pro-Y14 
(Fig. 3A and B). 

Subsequently, we constructed hybrid promoters by tandem fusing 
UAS region (Fig. 3C). Hybrid promoters Phy3 consisting of core 

promoter region of Pro-Y13 and two tandem UAS1Y13+UAS2Y13 regions 
and Phy4 consisting of core promoter region of Pro-Y14 and tandem 
fusion of UAS1Y13+UAS2Y13 and UAS1Y14+UAS2Y14 regions were con
structed (Fig. 3C). Both hybrids showed 2-fold increase in activities than 
those of wild-type Pro-Y13 and Pro-Y14, which reached almost 50% of 
the strength of PGAP at 48 h. More importantly, they had high activities 
at late stationary phase, which outperformed PGAP at 72 h (Fig. 3C). 
Other methods like adding copy numbers of UAS regions [49] or 
creating mutant UAS library [50] could also be employed for further 
enhancing the promoter activity. 

2.4. Promoter engineering for β-elemene production 

Previously, we showed that reconstruction of PK-PTA pathway for 
enhancing acetyl-CoA supply, failed in improving β-elemene production 
in O. polymorpha [39]. We speculated that the supply of xylulose-5 
phosphate (Xu5P) from PPP might be limited towards PK-PTA 
pathway for acetyl-CoA biosynthesis (Fig. 4A). We thus tried to 
enhance the PPP flux by down-regulating glycolytic pathway (EMP) in 
an engineered strain YY-122 with overexpression of ERG10 and ERG13. 
Genes at the key nodes, including phosphofructokinase (PFK1, PFK2), 
glucose-6-phosphate isomerase (PGI1), fructose-bisphosphate aldolase 
(FBA), and GAP, were regulated by using different promoters. Down
regulating the rate-limiting gene GAP, by replacing the native promoter 
with promoters with gradually decreased activities, significantly 

Fig. 3. Promoter engineering enhanced the strengths of two growth phase-dependent promoters. (A)–(B). Identification of core promoter region and up
stream activation sequence (UAS) in growth phase-dependent promoters Pro-Y13 and Pro-Y14. Promoters were truncated based on bioinformatics prediction, and 
each truncated promoter was separated by a transcriptional factor binding region. All the truncated promoters were evaluated by eGFP signals. (C). Characterization 
of hybrid promoters. Hybrid promoters were constructed by tandem fusing UAS regions. All promoters were evaluated by fluorescence values under glucose minimal 
medium in 96 deep-well plate, and the samples were taken at early (20 h) and late (36 h) exponential phase, early (48 h) and late (72 h) stationary phase. The data 
were calculated from four biological replicates. 
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promoted the β-elemene production. Replacing PGAP with Pro-Y1 (30% 
strength of PGAP) achieved the highest improvement of β-elemene titer 
(635 mg/L, Fig. 4B), with no detectable influence on cell growth 
(Fig. S3A). Downregulating GAP contributed to the enhanced produc
tion, suggesting that the restricted EMP drove the increased PPP flux for 
acetyl-CoA supply by PK-PTA pathway. However, the repression of 
PFK1,2 (Figs. S3B–C), PGI1 (Fig. S3D), and FBA (Fig. S3E) with either 
weaker promoters or degradation peptide (CLN2PEST) had no influence 
on β-elemene production and cell biomass. We failed to get the strains 
with extremely low expression of FBA with Pro-Y8 and CLN2PEST, which 
might result in cell death (Fig. S3D). More precise regulation by using 
broader strength of promoters or creating combinatorial library for EMP 
pathway optimization might be helpful for improving β-elemene 

production. 
We previously demonstrated that the enhanced expression of 

ERG20~LsLTC2 fusion would drive the flux to β-elemene production in 
engineered strain O. polymorpha [39]. We thus tried to integrate more 
copies of ERG20~LsLTC2 in the YY-139 genome by using constitutive 
promoter PGAP or hybrid promoter Phy4. Considering the relatively low 
activities of hybrid promoter Phy4 (Fig. 3C), we integrated two copies of 
ERG20~LsLTC2 driven by promoter Phy4 (strain YY-150). Integrating 
another copy of ERG20~LsLTC2 controlled by PGAP (YY-148) slightly 
increased the titer by 10%–650 mg/L compared with the parent strain 
YY139. Unfortunately, the ERG20~LsLTC2 fusion driven by Phy4 had 
no contribution to β-elemene production. All engineered strains con
structed in this study showed the superior performance in β-elemene 

Fig. 4. Precise metabolic regulation by promoter engineering promoted β-elemene production. (A). Schematic of modulating the expression of genes in EMP pathway 
drives the flux into PPP. (B)–(C). β-elemene production by engineered strains under shake flasks fermentation. (D)–(F). β-elemene production under fed-batch 
fermentation in shake flasks. Fed-batch fermentation in shake flasks was performed using Delft minimal medium. During fermentation, β-elemene titer (D) and 
cell growth (OD600) (F), consumed glucose (F) was monitored. In particular, the yields of β-elemene were calculated at 48 h, 120 h, 168 h, respectively (E). The data 
displayed in fed-batch fermentation was calculated from four biological replicates. Error bars were analyzed by the Student’s t-test (two-sample, two-tailed; * P-value 
<0.05, ** P-value <0.01, N.S represents no significant difference). 
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production compared with the previously engineered strain YY100 [39], 
which demonstrated the significance of precise metabolic regulation by 
promoter engineering (Fig. 4C). 

The growth dependent hybrid promoter Phy4 (Fig. 3C) might be 
beneficial for continuous expression in fed-batch fermentation. We 
evaluated the β-elemene production of prototrophic strains YY-150U, 
YY-148U and control strain YY-100U [39] under fed-batch fermenta
tion in shake flasks, since prototrophic strains are more stable without 
compromise the cell growth [51]. After 11 days cultivation, YY150U had 
the highest β-elemene titer of 5.24 g/L (Fig. 4D) and yield of 0.037 g/(g 
glucose) (Fig. 4E), which showed that Phy4 performed better than PGAP 
in expressing ERG20~LsLTC2. Both YY-148U and YY-150U with 
downregulated GAP accumulated more biomass than YY-100U, and 
YY-150U reached OD600 of 90 (Fig. 4F). Interestingly, YY-148U and 
YY-150U had lower glucose consumption rates than YY-100U, especially 
in the first 96 h (Fig. 4F), probably owing to the reduced glycolysis flux. 

3. Discussion 

Construction of robust cell factories requires extensive metabolic 
engineering to achieve high titers, yields, and productivities. Promoter 
engineering is a feasible approach for regulating gene expression in 
metabolic rewiring. In this study, we expanded the promoter library of 
O. polymorpha by transcriptomic analysis and fluorescence analysis 
during the whole growth process. This strategy enabled to identify 13 
constitutive promoters with strengths ranging from 0–55% of PGAP and 2 
growth phase-dependent promoters with high expression at stationary 
phase. 

Although FPKM values from transcriptomics are commonly applied 
in promoter screening [22,26], it should be noted that the promoter 
strengths may not always be positively related to the FPKM values. For 
example, PTEF1, commonly regarded as a strong constitutive promoter 
[52], shows relatively low FPKM value (<1000). Also, the expression 
level of a specific gene largely depends on its length [53], which may 
partially explain our phenomenon that promoters from genes with high 
FPKM values only had moderate fluorescence signals. 

The phase-dependent promoters showed excellent performance 
under glucose, methanol, xylose and especially, glucose feeding condi
tions. Furthermore, the expression profiles of Pro-Y13 and Pro-Y14 were 
well correlated with their gene function. We also constructed two hybrid 
promoters with a two-fold increase in activities by identifying and 
integrating UAS regions. Tandem UAS region has been proved as an 
efficient strategy to increase the promoter strengths [54,55], but the 
increased leaky expression needs further exploration. Compared with 
other dynamic systems responsive to extracellular inducer like copper 
[56], estrogen [57], metabolites malonyl-CoA [58,59], and environ
mental factors like blue light [60] or temperature [61], the growth 
phase-dependent promoters we have identified are more convenient and 
inexpensive to use. 

Acetyl-CoA is an important precursor for biosynthesis of a variety of 
chemicals such as isoprenoids, fatty acids, 3-hydroxypropionic acid [16, 
36,62]. Thus, enhancing the acetyl-CoA supply by metabolic rewiring is 
a feasible approach for efficient biosynthesis. However, modulating the 
cellular metabolism in nonconventional yeast such as O. polymorpha is 
still challenging, and the strategies learned from S. cerevisiae and Yar
rowia lipolytica have limited effects [37,39]. Here, we used the identified 
promoters to drive more carbon flux for acetyl-CoA supply in a PK-PTA 
pathway by moderate repression of the key EMP gene GAP, which 
significantly promoted the production of both β-elemene and biomass. 
The increased efficiency in glucose utilization under fed-batch fermen
tation also led to the higher yields. However, we here only modulated 
single gene in EMP pathway by using several promoters, and further 
comprehensive optimization for pathway genes by creating a combi
natorial library [17,18] should be beneficial for improve bioproduction. 

In summary, we expanded the promoter library for precise optimi
zation and regulation of metabolic pathway in yeast O. polymorpha. The 

final engineered strain achieved higher biomass, titer and yield, which 
could be applied for efficient production of other chemicals in the future. 

4. Materials and methods 

4.1. Strains, plasmids and medium 

All strains used are listed in Table S3. Strain Ku80ΔL (with a copy of 
the integrated CAS9 gene, a disrupted ku80 gene) was used for RNA-Seq, 
and strains used for promoter characterization were conducted in strain 
JQCR03L (Ku80L with an overexpressed gene SAE2). Strains used for 
β-elemene production were constructed from strain YY-98 (Ku80L with 
optimized MVA pathway and PPP pathway) [39]. gRNA expression 
plasmids were constructed according to previous descriptions [63] and 
are listed in Table S4. Related primers (Table S5) were synthesized by 
Sangon Biotech (Shanghai, China). 

YPD medium containing 10 g/L yeast extract, 20 g/L peptone and 20 
g/L glucose was used for cultivation of seed cells. Synthetic dropout (SD) 
solid medium (6.7 g/L yeast nitrogen base, 20 g/L glucose and 18–20 g/ 
L agar) was used for selection of recombinant strains. For gRNA removal, 
strains were cultivated in YPD+5-FOA plates containing YPD, 18 g/L 
agar and 1 g/L 5-fluoroorotic acid. Delft minimal medium (pH 5.6) was 
used for fermentation and contained 2.5 g/L (NH4)2SO4, 14.4 g/L 
KH2PO4, 0.5 g/L MgSO4⋅7H2O, 20 g/L glucose or 10 g/L xylose or 10 g/L 
methanol, 2 mL/L trace metals (3.0 g/L FeSO4•7H2O, 4.5 g/L 
ZnSO4•7H2O, 4.5 g/L CaCl2•2H2O, 1 g/L MnCl2•4H2O, 300 mg/L 
CoCl2•6H2O, 300 mg/L CuSO4•5H2O, 400 mg/L Na2MoO4•2H2O, 1 g/L 
H3BO3, 100 mg/L KI, 19 g/L Na2EDTA•2H2O) and 1 mL/L vitamin so
lution (50 mg/L D-biotin, 1.0 g/L D-pantothenic acid hemicalcium salt, 
1.0 g/L thiamin-HCl, 1.0 g/L pyridoxin-HCl, 1.0 g/L nicotinic acid, 0.2 
g/L 4-aminobenzoic acid, 25 g/L m-inositol), supplemented with 20 mg/ 
L (for glucose and xylose medium) or 60 mg/L (for methanol medium) 
uracil if needed. 

Escherichia coli DH5α was used for amplificating of plasmids and 
cultivated in LB medium containing 10 g/L tryptone, 5 g/L yeast extract, 
and 10 g/L NaCl, and 100 μg/mL ampicillin for plasmids maintenance. 

All reagents were purchased from Sangon Biotech (Shanghai, China), 
except standard β-caryophyllene (#C832338; CAS: 87-44-5) and β-ele
mene (#E885859; CAS:515-13-9), which were purchased from Macklin. 

4.2. RNA-seq assays 

Ku80ΔL was first streaked on YPD plates and grown for 3 days, and 
then single colonies were picked and precultured in 10 mL of YPD me
dium in 50 mL tubes. After 12–16 h of cultivation, yeast cells were 
collected and washed once with Delft minimal medium, then the cells 
were collected and resuspended in Delft minimal medium and subse
quently, transferred into 50 mL of Delft minimal medium in a 250 mL 
shake flask, with 20 g/L glucose as sole carbon source, and cultivated at 
37 ◦C and 220 rpm. Samples were collected at 24 h (exponential phase) 
and 36 h (stationary phase). Cells were centrifuged at 2000 g, 5 min and 
washed twice with water. Yeast cells were stored at − 80 ◦C and then sent 
for RNA-Seq (Biozeron, Shanghai, China). 

4.3. Selection of candidate promoters 

According to the transcriptional data, genes with FPKM (fragments 
per kilobase million) values ≥ 3 FPKMACT were selected. Then promoters 
of these genes were acquired as the region between start codon to the 
stop codon of the upstream gene [43,44], for those promoters with 
lengths of less than 200 bp, or more than 1000 bp, 500 bp and 1000 bp 
upstream of the start codon were adopted as the promoters. The se
quences of promoters are listed in Table S6. 
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4.4. Genetic Manipulation 

According to previous reports [39,40,64], the expression cassettes 
containing 1000 bp upstream and downstream homologous arms, a 
promoter, a structural gene and a terminator were constructed by 
overlap extension PCR, and strains in this study were constructed by 
CRISPR-Cas9 genome editing technology, with 500 ng sgRNA and 500 
ng donor DNA transformed into competent cells using 
electro-transformation method. 

4.5. Promoter engineering 

Pro-Y13 and Pro-Y14 were truncated according to online prediction 
of core promoter through BDGP: Neural Network Promoter Prediction 
(fruitfly.org) [65] and transcription factors binding sites through Ali
baba2 (gene-regulation.com). And then the truncated promoters were 
evaluated to obtain core promoters and UAS (upstream activating 
sequence) regions. After acquiring UAS regions, we constructed hybrid 
promoters through overlap extension PCR. 

4.6. Fluorescence assay 

Strains were first streaked on YPD plates and grown for 3 days, and 
then single colonies were picked and precultured in YPD. For 96 deep- 
well plate cultivation, 10 μL of the seed culture was inoculated into 96 
deep-well plate containing 290 μL Delft minimal medium and 20 g/L 
glucose as the carbon source (approximately 0.2 of the initial OD600). 
After 30–36 h of cultivation at 37 ◦C and 600 rpm, 30 μL seed culture 
was inoculated into 96 deep-well plates containing 270 μL Delft minimal 
medium and 20 g/L glucose as the carbon source (approximately 0.4 of 
the initial OD600) and cultivated at 37 ◦C and 600 rpm. For shake flasks 
cultivation, seed cells were collected and washed once, then resus
pended in Delft minimal medium and subsequently, transferred into 15 
mL Delft minimal medium containing 20 g/L glucose or 10 g/L xylose or 
10 g/L methanol as sole carbon source in 100 mL shake flasks. For 
glucose feeding medium, when the concentration of glucose in the me
dium was lower than 5 g/L (at 43 h), the cells were fed with 1 mL 500 g/ 
L glucose feeding solution containing 12.5 g/L (NH4)2SO4, 72 g/L 
KH2PO4, 2.5 g/L MgSO4•7H2O, 10 × trace metals, 5 × vitamin solution 
and 150 μL 2 g/L Uracil. Samples were collected at early and late 
exponential phase, early and late stationary phase. At each sampling 
time, cells were collected and centrifuged, and then the cell pellets were 
washed twice with H2O, and diluted to OD600 = 1. Then, the cell sus
pensions were tested with a Tecan SPARK microplate reader (Tecan, 
Switzerland) for test as previously described [63]. 

4.7. Evaluation of β-elemene producing strain 

The corrected transformants with gRNA removal were evaluated in 
15 mL of Delft minimal medium containing 20 g/L glucose in 100 mL 
shake flasks, and the biomass and the extraction and analysis of β-ele
mene were performed as described in previous report [39]. Briefly, after 
72–96 h of cultivation, the biomass was measured from the OD600, and 
the organic layer was collected for product analysis. The β-elemene 
amounts were calculated by external standard calibration and corrected 
by using the internal standard β-caryophyllene. The final titers were 
calculated from the concentration ratio. A GC-FID instrument (Focus GC, 
Thermo Fisher Scientific) equipped with a Zebron ZB-5MS GUARDIAN 
capillary column (30 m × 0.25 mm × 0.25 μm) was used for 
quantification. 

Fed-batch fermentation in shake flasks was conducted as previously 
reported [39] by using 50 mL of Delft minimal medium in 250 mL shake 
flasks, with 20% dodecane added for two-phase fermentation. The 
strains were precultured in YPD medium, and then cells were collected 
and inoculated into fermentation media at an initial OD600 of 0.4. 
Samples were taken every 24 h to measure product titers and the OD600. 

The pH of the culture was adjusted to 5–6 with 4 M KOH every 24 h. 
During the fed-batch process, residual glucose was detected to deter
mine the feeding rates. When the concentration of glucose in the me
dium was lower than 5 g/L, the cells were fed with 1–2 mL 500 g/L 
glucose feeding solution containing 12.5 g/L (NH4)2SO4, 72 g/L 
KH2PO4, 2.5 g/L MgSO4•7H2O, 10 × trace metals, and 5 × vitamin 
solution. The glucose concentration was determined by using an 
SBA40D biosensor (Biology Institute of Shandong Academy of Sciences, 
Shandong, China) according to the instruction manual. 

4.8. Statistical analysis 

Statistical analysis was performed by Microsoft Excel software using 
a two sample, two-tailed t-test analysis of variance hypothesis. Signifi
cant differences are marked as *P < 0.05, **P < 0.01 and ***P < 0.001. 
All data are presented as mean ± s.e.m. The number of biologically in
dependent samples for each panel was three unless otherwise stated in 
the figure legends. 
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