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Abstract 

Background: Methanol has attracted interest as a substrate for improvement of product titers and yields of bio-
processes, because methanol has a more reduced state than sugars do and can be renewably synthesized from 
abundant natural gas supplies. Our aim was to engineer methylotrophic Pichia pastoris to convert methanol into 
value-added lovastatin more productively.

Results: A strengthened biosynthetic pathway of lovastatin was constructed through the assembly of three mod-
ules with increasing module-specific antibiotic stress in the methylotrophic yeast P. pastoris. The resulting strain (P. 
p/LV_V#9) produced 287.5 ± 2.0 mg/L lovastatin in a 5-L bioreactor from methanol. The production was further 
improved by identification and overexpression of a statin pump protein, TapA, a membrane protein capable of lovas-
tatin efflux out of the cell. A TapA-overexpressing strain, P. p/LV_V#9-TapA, produced 419.0 ± 9.5 mg/L lovastatin from 
methanol: 46% more than P. p/LV_V#9 did, and 520% more relative to the strain (P. p/LV_SC) with single-copy genes.

Conclusions: A methylotrophic yeast strain producing 419.0 ± 9.5 mg/L lovastatin was constructed by optimiza-
tion of biosynthetic gene dosages and coexpression of a statin pump protein; these results proved that P. pastoris is 
a promising chassis organism for natural-product biosynthesis. A membrane protein, TapA was found to perform the 
function of exporting intracellular lovastatin and enhanced lovastatin production.
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Background
Methanol, one of the C1 compounds, has attracted con-
siderable interest as a promising feedstock for the pro-
duction of value-added biological products (Bennett 
et al. 2018). Methanol can be inexpensively manufactured 
from natural gas (which is abundant in the deep sea of 
our planet) and can also be renewably obtained through 
reduction of carbon dioxide (Räuchle et al. 2016). Mean-
while, methanol possesses a higher degree of reduc-
tion than traditional sugars do (Whitaker et  al. 2015). 
Although efforts have been focused on engineering 

native or synthetic methylotrophs to convert metha-
nol for the production of biochemical metabolites, the 
effects are still at the rudimentary level owing to the lim-
ited genetic tools for native methylotrophs and the weak 
methanol consumption abilities of the artificial modified 
methylotrophs (Whitaker et  al. 2015; Price et  al. 2016). 
Pichia pastoris is a natural methylotrophic yeast that can 
utilize methanol for growth to high cell densities (Yang 
and Zhang 2017). It has been researched for years, and a 
variety of genetic tools and expression vectors has been 
commercialized (Cregg et al. 2000). Therefore, P. pastoris 
is well suited as a chassis cellular system to convert meth-
anol to various value-added compounds (Schwarzhans 
et al. 2017).
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Lovastatin, a natural polyketide drug isolated from 
Aspergillus terreus, is used to treat hypercholesterolemia 
owing to its (3S)-hydroxy-3-methylglutaryl-coenzyme A 
(HMG-CoA) reductase-inhibitory activity (Campbell and 
Vederas 2010). Industrial lovastatin is mainly produced 
by fungal fermentation; however, fermentation using 
native A. terreus usually poses some problems such as 
a long culture period, difficult manipulation, and multi-
ple byproducts (Vogl et al. 2013; Billingsley et al. 2016). 
With the development of synthetic biology, reconstruc-
tion of biosynthetic pathways in chassis organisms has 
been proved to be a possible solution to these problems 
(Ro et al. 2006; Galanie et al. 2015). The biosynthetic gene 
cluster and catalytic role of each functional gene prod-
uct are well characterized for lovastatin (Kennedy et  al. 
1999; Xie et al. 2006; Barriuso et al. 2011; Xu et al. 2013). 
Previously, we assembled the biosynthetic pathway of 
lovastatin in the methylotrophic yeast P. pastoris (Fig. 1) 
and successfully produced lovastatin from methanol (Liu 
et al. 2018). Nonetheless, gene dosages in the lovastatin-
producing strains were all maintained at single-copy lev-
els, and a titer of only 250.8 mg/L lovastatin was obtained 
via an optimal coculture strategy (Liu et  al. 2018); this 
titer is still much lower than that of a native lovastatin-
producing strain (Singh and Pandey 2013; Huang et  al. 
2017).

For the biosynthesis of chemicals in a heterolo-
gous host, increased gene dosage is commonly used to 
strengthen pathways (Billingsley et  al. 2016). Nonethe-
less, overexpressed heterologous genes may impose 
overwhelming metabolic stress on the host cell, while 
excessive intracellular accumulation of bioactive com-
pounds may be toxic to the cell (Wang et al. 2017). Fungal 
secondary-metabolite gene clusters often contain a gene 
encoding a protein to pump the produced compounds 
out of cells, which thereby acts as a self-resistance mech-
anism (Martín et al. 2005). Previously, efflux pump pro-
tein MlcE was identified in Penicillium citrinum, and 
lovastatin resistance was observed in Saccharomyces cer-
evisiae overexpressing mlcE (Ley et al. 2015). Because the 
lovastatin biosynthetic pathway had not yet been assem-
bled in yeast (Ley et al. 2015), whether overexpression of 
mlcE could improve lovastatin production was not deter-
mined. Additionally, whether this protein functions as an 
efflux pump to transport intracellular lovastatin remains 
unclear.

This work was aimed at improving lovastatin pro-
duction by means of methanol as a feedstock through 
strengthening of the biosynthetic pathway and screening 
for high gene dosage setups in three continuous modules. 
Moreover, to alleviate the toxicity or metabolic stress 
resulting from the product (lovastatin), a statin pump 
protein was identified in a lovastatin-producing strain of 

A. terreus and overexpressed to discharge the intracellu-
lar lovastatin. Finally, the producing strains were evalu-
ated in a 5-L bioreactor to confirm the effectiveness of 
the strategies.

Methods
Strains, media, and cultivation conditions
Pichia pastoris GS115 (Invitrogen) served as a wild-type 
strain, grown at 30  °C in the YPD medium [1% (w/v) 
yeast extract, 2% (w/v) peptone, 2% (w/v) glucose] or the 
minimal YNB medium [1.34% (w/v) yeast nitrogen base 
without amino acids] supplemented with different car-
bon sources: 1% (w/v) glycerol (YNG medium) or 0.5% 
(v/v) methanol (YNM medium). Escherichia coli Top10 
cells were used for plasmid propagation and were incu-
bated at 37  °C in the Luria–Bertani (LB) medium [0.5% 
(w/v) yeast extract, 1% (w/v) tryptone, and 0.5% (w/v) 
NaCl]. A. terreus (NIH 2624) was a source of the cDNA 
of tapA and was incubated at 28  °C in the YM medium 
[0.3% (w/v) yeast extract, 0.3% (w/v) malt extract, 0.5% 
(w/v) tryptone, and 2% (w/v) glucose]. The solid medium 
was prepared by the addition of 2% agar into the liquid 
medium. The media were sterilized at 121 °C for 20 min; 
methanol was added separately, and a glucose solution 
was added separately after filtration sterilization. Anti-
biotics phleomycin D1 (Zeocin™), geneticin 418 sulfate, 
and hygromycin B, purchased from Yeasen Biotech Co., 
Ltd. (China), were used to screen the strains.

Construction of plasmids and strains
Plasmids pZ_BCGN, pK_sAR, and pG_sDF were con-
structed as previously described (Liu et  al. 2018). pZ_
BCGN was linearized by digestion with BlnI and was 
transferred into P. pastoris GS115 by electroporation in 
accordance with the manufacturer’s instructions (Invit-
rogen). The yeast recombinants were screened on YPD 
plates containing Zeocin at 0.1, 0.5, 1.0, and 2.0 mg/mL 
to obtain dihydromonacolin L (DML)-producing strains 
(P. p/DML). pK_sAR was linearized by digestion with 
SalI and transferred into P. p/DML_D#9 by the same 
methods, and the transformants were screened on YPD 
plates containing G418 at 0.25, 0.5, 1.0, and 2.0  mg/mL 
to obtain monacolin J (MJ)-producing strains (P. p/MJ). 
pG_sDF was linearized by BlnI digestion and transferred 
into P. p/MJ_J#9, and the transformants were screened on 
YPD plates containing hygromycin at 0.75, 1.5, 3.0, and 
5.0  mg/mL to obtain lovastatin (LV)-producing strains 
(P. p/LV). The genotypes of the recombinant strains were 
verified by PCR analysis.

Oligonucleotides were synthesized by Suzhou Genewiz 
Biotech Co., Ltd. (China). Fungal genomic DNA was 
extracted using a Plant Genomic DNA Extraction Kit 
(Tiangen Biotech Co., Ltd., China). Commercialized 
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vector pGAP Zα for P. pastoris was linearized by diges-
tion with BspT104I and KpnI to delete the α-factor. The 
tapA gene was amplified by overlap PCR from the A. 
terreus NIH 2624 genome as a template, and the introns 
were removed. The multiple fragments and linearized 
vector were assembled by ClonExpress™ II One Step 
Cloning Kit (Vazyme Biotech Co., Ltd., China) to gen-
erate plasmid  pZ_PGAP-tapA. The same methods were 
applied to construct plasmids  pZ_PGAP-gfp, and  pZ_
PGAP-tapA-gfp. These plasmids were linearized by BlnI 
digestion and transferred into P. pastoris GS115 to obtain 
strains GS-PGAP-gfp, GS-PGAP-tapA-gfp, and GS-PGAP-
tapA, respectively. Commercialized vector pPIC 6A for P. 
pastoris was linearized by digestion with EcoRI and SalI; 
tapA was amplified and ligated with the linearized pPIC 
6A to generate plasmid  p6A_PAOX1-tapA, which contains 
the expression cassette under the control of the AOX1 
promoter  (PAOX1). The expression vector was linearized 
by PmeI digestion and introduced into P. p/LV_V#9 to 
obtain the P. p/LV_V#9-TapA strain. Plasmids and strains 
used in this study are listed in Additional file 1: Tables S1 
and S2.

Phylogenetic, fluorescence‑microscopic, and susceptibility 
analyses
The phylogenetic tree and bootstrap values were calcu-
lated by the neighbor-joining method implemented in 

MEGA 7, according to the alignment of the amino acid 
sequences in the ClustalX software. The distance between 
branch points showed relatedness of the sequences. The 
amino acid sequence was BLASTed in the NCBI data-
base. Proteins used to construct the phylogenetic tree 
are listed in Additional file  1: Table  S3. Fluorescence 
microscopy of the constructed strains  (GS_PGAP-tapA-
gfp and  GS_PGAP-gfp) was carried out under the inverted 
microscope DMI3000B (Leica) with a 100× oil immer-
sion objective. Images were processed using the Leica 
application suite (version 2.8.1). For susceptibility assays 
on solid media, strains were grown in the YPD medium 
until optical density at 600 nm  (OD600) of 6, washed with 
sterile water, and then equal volumes of cell suspensions 
were spotted at four dilutions  (OD600 = 1, 0.1, 0.01, and 
0.001) onto the YPD medium containing 0, 0.2, 0.5, or 
1.0 mM lovastatin, respectively. The plates were cultured 
at 30  °C for 2  days and examined. For the susceptibil-
ity assay in a liquid medium, strains were grown in the 
YPD medium until  OD600 of 6 and washed with sterile 
water. The washed strains were inoculated in the YPD 
liquid medium containing 0, 0.5, or 1.0  mM lovasta-
tin separately. The initial cell density was maintained at 
 OD600 = 0.5, and 2  mL of 50% (w/v) glucose was added 
every 24 h. Broth samples (1 mL) were collected at 24-h 
intervals (before and after the glucose feeding) to meas-
ure cell growth. Statistical analysis was performed on 

Fig. 1 The scheme of biosynthetic pathway assembly for lovastatin production. LovB and NpgA, combined with LovC, are responsible for the syn-
thesis of dihydromonacolin L (DML) acid. LovG promotes the release of DML from the LovB–LovC PKS system. DML is then modified by sLovA-CPR 
through hydroxylation and dehydration to produce monacolin L (ML) acid and monacolin J (MJ) acid. The α-methylbutyryl side chain is synthesized 
by LovF and is transferred to MJ acid by sLovD to produce lovastatin (LV)
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three replicates, and the mean and standard deviation 
(SD) were calculated and displayed in the figures. Each 
experiment in this analysis section was conducted three 
times.

Measurement of concentrations of glucose, ethanol, 
and acetate
A biosensing analytical instrument (SBA-4AE) from the 
Biology Institute of Shan Dong Academy of Sciences 
was used to determine the concentrations of glucose and 
ethanol. Standard solutions of glucose (1 g/L) and etha-
nol (1 mL/L) were mixed and set to 100% in the calibra-
tion procedure. Acetic acid was analyzed by enzymatic 
assays (Megazyme, Ireland). Broth samples (1 mL) were 
collected and centrifuged at 4  °C and 12,000g for 2 min 
to obtain the supernatant, which was then diluted and 
assayed. Three replicates were analyzed; the mean with 
SD of the concentrations were calculated and displayed 
in figures. Measurement of the concentrations of glucose, 
ethanol, and acetate was conducted two times.

Fermentation in a shake flask
For shake flask culture, 20 μL of the strain (stored at 
− 80  °C) was inoculated into 2 mL of the YPD medium 
in a 20-mL serum bottle and grown at 30  °C for 2  days 
at 200 rpm for strain activation. Then, 200 μL of the cell 
broth was inoculated into 50 mL of the YPD medium in 
a 250-mL shake flask and grown overnight at 30  °C and 
200  rpm to prepare the first seed culture. Next, 200 μL 
of the first seed culture was inoculated into 50 mL of the 
YPD medium in a 250-mL shake flask and grown over-
night to  OD600 of 6 to prepare the second seed culture. 
A calculated amount of the second seed culture was cen-
trifuged at 4 °C and 5000g for 10 min to harvest the cells, 
which were washed in the YNB medium with two further 
cycles of centrifugation (4 °C, 5000g). After that, the cells 
were resuspended in the YNB medium and inoculated 
into the YNM medium to final density for cultivation 
 (OD600 = 1.0). Methanol was added to the YNM medium 
at 0.5% (v/v) every 24 h. Broth samples (2 mL) were col-
lected at 24-h intervals to measure the cell growth and 
metabolite concentrations. Statistical analysis was per-
formed on three replicates; the mean with SD was cal-
culated. Experiments for testing the production of the 
DML-, MJ- and LV-producing strains were conducted 
two times.

Extraction and identification of lovastatin 
and intermediates
Pichia pastoris culture broth was extracted with two vol-
umes of ethyl acetate with vortex mixing for 5 min. The 
organic phase was evaporated under reduced pressure, 
and the residue was dissolved in methanol. The extracts 

were analyzed by high-performance liquid chromatog-
raphy (HPLC) on a C18 column (Kromasil™, Sweden, 
250 mm × 4.6 mm × 5 mm, 100 Å spherical silica) with a 
gradient elution strategy at 1  mL/min and detection by 
UV absorbance at 238 nm (for monacolin L, monacolin 
J, and lovastatin) and by an evaporative light scattering 
detector operated at 85 °C and 2 mL/min (for DML). In 
both elution procedures, the mobile phase was com-
posed of HPLC-grade  H2O containing 0.1% (v/v) acetic 
acid (solution A) and HPLC-grade acetonitrile (solution 
B). The sample was subjected to an elution gradient with 
a mobile phase comprising 35–85% (v/v) acetonitrile for 
25 min followed by 85–100% (v/v) acetonitrile for 5 min. 
The final product, lovastatin, was confirmed by liquid 
chromatography with mass spectrometry (LC–MS; Agi-
lent 1290 Infinity LC and 6230 TOF LC/MS) and nuclear 
magnetic resonance (NMR) spectroscopy (BRUKER-
AM-400-spectro) of a freeze-dried sample dissolved in 
deuterated dimethyl sulfoxide for 1H NMR analysis. The 
1H NMR results were then compared with previously 
reported data (Barriuso et al. 2011).

Bioreactor fermentation
This fermentation was conducted in a 5-L stirred-
tank bioreactor (Shanghai Guoqiang Bioengineering 
Equipment Co., Ltd.) equipped with online sensors for 
dissolved oxygen (DO), pH, and temperature. The fer-
mentation medium and control process were adapted 
from the Pichia Fermentation Process Guidelines (PFPG, 
Invitrogen). The strains were cultured overnight in YPD 
until the cell density reached  OD600 of 6 to prepare the 
first seed culture. The latter was inoculated into the MGY 
medium until it reached  OD600 of 6 and then served as 
the second seed culture; 300  mL of it was aseptically 
transferred into the bioreactor.

For bioprocess control, a batch phase involving the fer-
mentation basal salt medium containing 40 g/L glycerol 
(PFPG, Invitrogen; Liu et  al. 2018) was first conducted 
and maintained for approximately 18  h. A glycerol-fed 
batch phase was next carried out with a batch using 
50% (w/v) glycerol for approximately 12  h, followed by 
a period of 0.5 h without any feeding, to allow the glyc-
erol to be fully consumed. The methanol feed was imple-
mented via a gradual increase in the methanol feeding 
rate from 2.4 to 24 g/h during the first 7.5 h, to allow the 
cells to adapt to methanol catabolism; after that, a con-
stant rate of 24 g/h was maintained until the end of the 
experiment. DO levels reflect the remaining amount of 
a carbon source in a bioreactor; byproduct ethanol or 
acetate can also be utilized as carbon sources by P. pas-
toris. If these carbon sources highly accumulated in the 
broth, DO would remain at low levels because utiliza-
tion of a carbon source consumes  O2. In contrast, when 
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the carbon sources were fully consumed, the DO would 
skyrocket. Following this strategy, we restrictedly con-
trolled the feeding rate of glycerol and methanol accord-
ing to DO levels and kept all carbon sources completely 
consumed. Broth samples (2  mL) were collected at 8-h 
intervals and analyzed twice to measure the cell growth 
and concentrations of the metabolites. The bioreactor 
fermentation experiments were conducted two times.

Results and discussion
Assembly of an enhanced biosynthetic pathway 
of lovastatin
Plasmid pZ_BCGN was linearized, transferred into the 
wild-type strain, and employed to screen the microbes for 
DML-overproducing strains. As shown in Fig. 2a, b, strain 
P. p/DML_D#9 grown at 2.0  mg/mL Zeocin produced 
the highest concentration of DML (73.8 ± 1.8 mg/L), and 
the production of DML increased as the Zeocin concen-
tration was increased. Moreover, strain P. p/DML_D#9 
grew well in shake flask culture (Additional file 1: Figure 
S1a) and thus acted as a recipient strain for transforma-
tion with a second plasmid (pK_sAR) to generate MJ-
overproducing strains. The resulting strain P. p/MJ_J#9 
grown at 2.0  mg/mL G418 showed the highest MJ titer 
(28.4 ± 1.3 mg/L; Fig. 2a, c), and its growth was not obvi-
ously affected (Additional file  1: Figure S1b). Similarly, 
the MJ titer also increased as the G418 concentration was 
increased; however, the obtained improvement was some-
what limited, while the intermediate monacolin L (ML) 
accumulated remarkably during culture (Fig. 2a). A third 
plasmid, pG_sDF, was then transferred into P. p/MJ_J#9, 
and the transformants were screened against different 
concentrations of hygromycin to find lovastatin-pro-
ducing strains. Finally, a strain (P. p/LV_V#9) producing 
lovastatin at 19.4 ± 1.7 mg/L was obtained at 5.0 mg/mL 
hygromycin (Fig. 2a, d); this productivity was 592% higher 
than that of strain P. p/LV_V#1 selected at 0.75  mg/mL 
hygromycin. The growth of these lovastatin-producing 
strains in shake flask culture appeared unaffected by the 
different concentration of antibiotics (Additional file  1: 
Figure S1c). Results of LC–MS and NMR analyses con-
firmed the module weight and structure of the product 
(lovastatin) produced by P. p/LV_V#9 (Additional file  1: 
Figure S2). The pH values in the culture medium of lovas-
tatin-producing strains were measured and are shown in 
Additional file 1: Figure S3; these levels similarly dropped 
from 5.5 to approximately 2.5, and final pH did not show 
a large difference among the lovastatin-producing strains. 
These results revealed that increasing the gene dosages 
by strengthening antibiotic stress during pathway assem-
bly efficiently enhanced the production of certain com-
pounds in lovastatin biosynthesis. Nevertheless, excessive 
expression of heterologous genes usually leads to severe 

metabolic stress on the host, and the increased intracellu-
lar accumulation of target compounds may be harmful to 
the cell metabolism simultaneously. This problem may be 
inapparent during shake flask culture, but it will be con-
spicuous at a bioreactor fermentation level.

Enhancement of cell tolerance to lovastatin 
by identification and overexpression of a statin pump 
protein
Exogenous lovastatin was proved to inhibit yeast cell 
growth (Ley et  al. 2015), whereas excessive intracellular 
accumulation of lovastatin may also be toxic and impose 
a metabolic burden on the host cell. Therefore, pump-
ing intracellular lovastatin out of the P. pastoris cell 
through an efflux protein may relieve the toxicity effect 
and metabolic stress; as a consequence, the productivity 
of yeast cells may improve too. For this purpose, we con-
ducted a BLAST search of the NCBI database for statin 
pump protein MlcE of P. citrinum (Ley et al. 2015); this 
search retrieved a hypothetical protein from A. terreus 
NIH2624, which was designated as TapA, consisted of 
542 amino acid residues, and shared 69% sequence simi-
larity with MlcE (Additional file  1: Figure S4). Phyloge-
netic analysis revealed that TapA and MlcE belong to a 
group of drug resistance proteins of the major facilitator 
superfamily (MFS): a large and diverse group of second-
ary transporters (Fig. 3a). The results indicated that TapA 
may be a statin efflux pump protein of the native lovasta-
tin-producing strain of A. terreus and may improve the 
export efflux of lovastatin and, therefore, enhance the 
tolerance of P. pastoris to lovastatin. To determine the 
subcellular localization of TapA in engineered P. pastoris, 
we tagged TapA with green fluorescent protein (GFP) at 
its carboxylic terminus and expressed it as a single-copy 
gene. As a control, GFP was expressed alone using the 
same promoter and expression cassette of a single-copy 
gene. Fluorescence microscopy evaluation of the result-
ing strain,  GS_PGAP-tapA-gfp, revealed a ringlike distri-
bution of the fluorescent protein at the periphery of the 
cells and the vacuole (Fig. 3b). By contrast, in the control 
strain,  GS_PGAP-gfp, a uniform cytoplasmic distribution 
of fluorescence was observed (Fig.  3b). The GFP-tagged 
TapA localized to the cytomembrane, indicating that 
TapA is a transmembrane protein, just as MlcE in S. 
cerevisiae (Ley et al. 2015). To test whether TapA could 
increase P. pastoris resistance to lovastatin, tapA was 
expressed under the control of constitutive promoter 
 PGAP in the wild-type strain. Strain  GS_PGAP-tapA was 
obtained and tested by serial dilution spotting on YPD 
plates supplemented with different concentration of lov-
astatin. As shown in Fig. 3c, the TapA-expressing strain 
showed increased resistance to lovastatin as compared 
with the wild-type strain.
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To determine whether this TapA expression strategy 
could be applied to liquid fermentation, we cultured  GS_
PGAP-tapA in the liquid YPD medium supplemented with 
increasing concentrations of lovastatin in shake flask 
culture. The growth of the wild-type strain was severely 
inhibited by lovastatin concentrations greater than 
0.5  mM, whereas the growth of strain  GS_PGAP-tapA 
was affected only slightly (Fig. 3d). To avoid interference 
from the carbon source and byproduct formation, we 
next tested the concentrations of glucose, ethanol, and 
acetic acid in the lovastatin susceptibility assay. As shown 
in Fig.  4a, the glucose concentration in the medium of 

both strains showed the same trend without extracellular 
lovastatin feeding. When lovastatin was added at 0.5 or 
1.0 mM, wild-type strain GS115 consumed less glucose, 
and residual glucose was more abundant in compari-
son with strain GS-PGAP-tapA. These results confirmed 
that GS-PGAP-tapA expressing the statin pump pro-
tein TapA is highly resistant to lovastatin; consequently, 
strain GS-PGAP-tapA utilized more glucose and grew to 
higher cell density (Fig.  3d). Concentrations of ethanol 
and acetate were measured and are displayed in Fig. 4b, 
c. In the whole fermentation process, the concentrations 
of ethanol (Fig. 4b) and acetate (Fig. 4c) did not show a 

Fig. 2 HPLC analysis and quantitation of DML, MJ, and lovastatin titers of the engineered strains. a The organic extracts from P. p/DML_D#9, P. p/
MJ_J#9, and P. p/LV_V#9 culture media were analyzed by HPLC with an evaporative light scattering detector (for DML) or a ultraviolet detector (for 
ML, MJ, and LV) at 238 nm. DML dihydromonacolin L, ML monacolin L, MJ monacolin J, LV lovastatin. b Time profiles of titers of DML-producing 
strains. Plasmid pZ_BCGN was introduced into wild-type P. pastoris GS115, and the transformants were screened by gradient concentrations of 
Zeocin on YPD plates. c Time profiles of titers of MJ-producing strains. Plasmid pK_sAR was introduced into P. p/DML_D#9, and the transformants 
were screened on YPD plates with the gradient concentrations of G418. d Time profiles of titers of lovastatin-producing strains. Plasmid pG_sDF was 
introduced into P. p/MJ_J#9, and the transformants were screened on YPD plates with gradient concentrations of hygromycin. All the titers were 
measured in triplicate. Experiments for testing the production of the DML-, MJ-, LV-producing strains were conducted two times
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difference between strains GS115 and GS-PGAP-tapA 
whether lovastatin was added or not. Ethanol concentra-
tion stayed at approximately 0.2  mM, while acetic acid 
concentration stayed at approximately 0.4  mM. These 
results confirmed that formation of byproducts (ethanol 
or acetate) stayed at low levels and did not cause interfer-
ence. These data implied that TapA-based resistance in P. 
pastoris may further improve the production of lovasta-
tin in the P. pastoris cell factory.

Improvement in lovastatin production by coexpression 
of tapA
To test whether TapA could export the intracellular lov-
astatin and accordingly improve lovastatin production 

in yeast, plasmid  p6A_PAOX1-tapA was linearized and 
transferred into the multicopy strain P. p/LV_V#9, thus 
yielding a tapA-coexpressing strain P. p/LV_V#9-TapA. 
Both strains were cultured in the methanol medium 
(YNM), and a strain of P. p/LV_SC with all genes at sin-
gle-copy levels (Liu et  al. 2018) was cultured as a con-
trol. As shown in Fig.  5a, P. p/LV_V#9-TapA produced 
32.9 ± 1.6  mg/L lovastatin, which was 69 and 520% 
higher than the productivity of P. p/LV_V#9 and of the 
single-copy strain (Liu et al. 2018), respectively. The pH 
values in the medium of lovastatin-producing strains 
were nearly the same at the end of fermentation (Addi-
tional file 1: Figure S5). Compared with P. p/LV_V#9, P. 
p/LV_V#9-TapA accumulated less intracellular lovastatin 

Fig. 3 Phylogenetic and functional analyses of TapA in P. pastoris. a Phylogenetic clustering of putative statin efflux pumps (TapA) with major 
facilitator superfamily (MFS) transporters involved in the efflux of toxic compounds. Branch TapA is boldfaced, and the GenBank accession numbers 
and protein names of the sequences are shown. The length of the scale bar is equivalent to 0.1 substitutions of amino acids per site. b Subcellular 
localization of TapA in P. pastoris. c Growth comparison of  GS_PGAP-tapA and wild-type P. pastoris GS115 on YPD plates containing gradient concen-
trations of lovastatin. d Growth comparison between  GS_PGAP-tapA and wild-type P. pastoris GS115 in the liquid YPD medium containing lovastatin 
in shaking flasks. Three replicates were tested and experiments were conducted three times
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during cultivation (Fig.  5b), suggesting that TapA effec-
tively pumped lovastatin out of the cell.

To further investigate the effects of TapA on lovasta-
tin production, scaled-up experiments on both strains 
were conducted in a 5-L bioreactor. To this end, 3  L of 
basal salt medium broth (PFPG, Invitrogen) was used, 
pH was controlled at 4.5–5.0, and DO was maintained 
between 30 and 80% during the whole fermentation pro-
cess (Additional file 1: Figure S6). P. p/LV_V#9 produced 
287.5 ± 2.0 mg/L lovastatin after 84 h (Fig. 5c), which was 
267% higher than the productivity of the strain with a sin-
gle copy of the biosynthetic genes (P. p/LV_SC), and even 
15% higher than the productivity of the optimal pathway 
splitting and coculture strategy applied to the strains 
with a single copy of biosynthetic genes (Liu et al. 2018). 
Coexpression of TapA highly improved the produc-
tion of lovastatin, to 419.0 ± 9.5 mg/L, after 84 h, which 
was 46% higher than the production by P. p/LV_V#9. In 

addition, the yield per cell showed a similar trend, with 
a 39% increase. Because both strains expressed numer-
ous heterologous genes, the cell wet weight decreased as 
the pathway startup was induced by methanol owing to 
metabolic stress from protein expression and biosynthe-
sis of heterologous compounds. Nevertheless, strain P. p/
LV_V#9-TaP carrying the statin pump protein grew bet-
ter than P. p/LV_V#9 did (Fig. 5c), indicating that lovasta-
tin efflux by TapA partially relieved the inhibition of cell 
growth and effectively improved lovastatin production.

Although P. pastoris has been recognized and widely 
used as a heterologous protein expression system 
(Ahmad et  al. 2014; Yang and Zhang 2017), application 
of this classic microbe to reproduce medicinal chemicals 
via complicated biosynthetic pathways from methanol 
has seldom been reported. This work shows a strategy of 
de novo production of lovastatin from methanol in the 
methylotrophic yeast P. pastoris as a host. Considering 

Fig. 4 Concentrations of a carbon source and byproducts in the lovastatin feed experiment. a Glucose concentration changes in the medium of 
strains GS115 and GS-PGAP-tapA with 0, 0.5, or 1.0 mM lovastatin (LV) added. Sterilized glucose (2 mL, 50%) was fed in every 24 h. b Ethanol con-
centration changes in the medium of strains GS115 and GS-PGAP-tapA with 0, 0.5, or 1.0 mM lovastatin added. c Acetic acid concentration changes 
in the medium of strains GS115 and GS-PGAP-tapA with 0, 0.5, or 1.0 mM lovastatin added. One milliliter of broth was sampled before and after the 
glucose feeding to determine the concentrations of glucose, ethanol, and acetate. Three replicates were tested and experiments were conducted 
two times
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its particular advantages in methanol utilization and 
protein expression, P. pastoris is expected to be devel-
oped into a promising microorganism for the synthesis 
of bulk pharmaceuticals from a potentially renewable 
and low-cost feedstock, methanol. Meanwhile, a lovas-
tatin-transporting membrane protein was identified in 
the industrial host A. terreus. Although a similar efflux 
protein has been recently reported to improve yeast 
resistance to external lovastatin (Ley et al. 2015), a con-
crete function of the pump protein was not completely 
revealed. Here, the ability of this statin pump protein to 

export intracellular lovastatin was confirmed via coex-
pression in a lovastatin-producing strain, and its capacity 
for improving lovastatin production was verified as well. 
Nevertheless, lovastatin production in this study is still 
far below the titer of the industrial lovastatin-producing 
A. terreus strain, which generates 14.26  mM (~ 6.1  g/L) 
lovastatin after 8  days of fermentation (Huang et  al. 
2017). The highest heterologous production of lovastatin 
was 250.8 mg/L in a P. pastoris–P. pastoris coculture sys-
tem in our previous work (Liu et al. 2018). Although we 
improved lovastatin production to 419.0 ± 9.5 mg/L after 

Fig. 5 Coexpression of tapA improved lovastatin production in a shake flask and bioreactor. a Comparison of lovastatin titers between strains P. p/
LV_V#9 and P. p/LV_V#9-TapA. b Intracellular lovastatin concentration changes in P. p/LV_V#9 and P. p/LV_V#9-TapA. c P. p/LV_V#9 and P. p/LV_V#9-
TapA were employed for fermentation in 3 L of basal salt medium broth in a 5-L bioreactor. Broth samples (2 mL) were collected at 8-h intervals 
and were analyzed twice to quantify cell growth and lovastatin concentration. Culture methods were the same for both strains. The fermentation 
experiments in bioreactors were conducted two times
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84  h here, further research is necessary to determine 
whether this approach is suitable for industrial produc-
tion of lovastatin, and this work is still an academic study. 
Consequently, extensive research into systematic meta-
bolic engineering and bioprocess development needs to 
be conducted. For instance, tapA was originally cloned 
from A. terreus, and codons could be optimized for 
higher expression of TapA in P. pastoris. Pathway split-
ting and coculture could be combined with an increase in 
gene dosage and modification and expression of a statin 
pump protein in the future, and this strategy may further 
improve lovastatin production. The bioreactor fermen-
tation process here is derived from the manual for basal 
protein expression in P. pastoris (Invitrogen). Bioprocess 
development, such as control of the methanol feed-
ing rate or cell growth, will certainly improve lovastatin 
production.

Conclusions
A gene dosage increase driven by antibiotic stress in path-
way assembly efficiently enhanced lovastatin production 
from methanol in P. pastoris. A statin pump protein was 
identified in a native lovastatin-producing microbe, and 
membrane localization of the new pump in engineered 
P. pastoris was confirmed. Coexpression of the pump 
protein enhanced cell resistance to lovastatin, strength-
ened the intracellular lovastatin efflux, and improved the 
production of lovastatin in P. pastoris. These results also 
proved that P. pastoris is a promising chassis host for het-
erologous biosynthesis of natural products from the one-
carbon substrate, methanol.
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