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ABSTRACT: The CEN/ARS-based low-copy plasmids and
2m-based high-copy plasmids have been broadly used for both
fundamental studies and practical applications in Saccharomyces
cerevisiae. However, the relative low copy numbers and narrow
dynamic range limit their applications in many cases. In this study,
the expression level of the selectionmarker proteins was engineered
to increase the plasmid copy numbers. A series of plasmids with
step-wise increased copy numbers were constructed. The copy
number of the plasmids with engineered dominant markers (5–100
copies per cell) showed a positive correlation with the concentration
of antibiotics supplemented to the growth media. Based on this
finding, we developed a simple yet highly efficient strategy, named
Pathway Optimization by Tuning Antibiotic Concentrations
(POTAC) to rapidly balance the flux of multi-gene pathways at
the DNA level in S. cerevisiae. As proof of concept, POTAC was used
to optimize the lycopene and n-butanol biosynthetic pathways,
increasing the production of lycopene and n-butanol by 10- and
100-fold, respectively. Additionally, multiplex genome integration
with controllable copy numbers was attempted by combining the
engineered dominant markers with the CRISPR/Cas9 system.
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Introduction

Plasmids have been extensively used for both fundamental studies
and metabolic engineering and synthetic biology applications,
thanks to their ease of use, flexibility of transferring to different
hosts, high copy numbers for strong gene expression, and high
transformation efficiency for library construction and high
throughput screening (Chen et al., 2012; Du et al., 2012; Karim
et al., 2013). In Saccharomyces cerevisiae, two sets of episomal
plasmids have been developed, the so-called CEN/ARS-based low-
copy plasmids (1–4 copies per cell) and 2m-based high-copy
plasmids (20–30 copies per cell with auxotrophic markers and 4–6
copies with antibiotic markers) (Karim et al., 2013). Although
widely used, the current system suffers from low copy numbers and
a lack of dynamic range, making them rather limited for achieving
high level expression and other synthetic biology applications.
Interestingly, although the 2m-based plasmids generally have
relative high copy numbers, they can be as low as CEN/ARS-based
plasmids when antibiotic markers are included (Karim et al., 2013).
In other words, the current plasmid systems may have limited
applications in industrial yeast strains, where the auxotrophic
selection markers are not available (Yuan and Zhao, 2013). Previous
studies have found that plasmid copy numbers (PCNs) could be
enhanced by weakening the expression of the selection marker
genes (e.g., use of heterologous, regulatable, or truncated
promoters) (Bao et al., 2015; Erhart and Hollenberg, 1983; Kazemi
Seresht et al., 2013; Okkels, 1996) and destabilizing the marker
proteins (e.g., fusion with a degradation tag) (Chen et al., 2012). For
example, the use of partially defective promoters driving the
expression of LEU2 (LEU2d) and URA3 (URA3d) significantly
enhanced the copy numbers of the corresponding 2m-based
plasmids (Erhart and Hollenberg, 1983; Okkels, 1996). Alterna-
tively, PCNs could be increased by fusing a ubiquitin tag to the
marker protein. By combining promoter engineering and marker
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destabilization, PCNs and the corresponding heterologous protein
expression levels were increased more than threefold (Chen et al.,
2012). Although less explored, CEN/ARS-based plasmids have been
engineered to have higher copy numbers by regulating the
centromere function (Chlebowicz-Sledziewska and Sledziewski,
1985; Liu et al., 2014). By fusing a promoter upstream of the
centromeric region, the centromere function was interfered and
PCNs were enhanced but unfortunately at the cost of plasmid
stability (Chlebowicz-Sledziewska and Sledziewski, 1985). Assum-
ing that promoter length can control the expression level of the
marker gene, 2m-based plasmids with tunable copy numbers can
be obtained by truncating the promoter to different degrees.

Introduction of a biosynthetic pathway containing multiple
heterologous genes is generally the first step to enable microbial
synthesis of fuels, chemicals, and pharmaceutics. To achieve
commercially viable production of these compounds, metabolic
fluxes or protein expression levels in these heterologous multi-gene
pathways must be carefully fine-tuned and balanced to maximize
product titers, yields, and productivities (Eriksen et al., 2014;
Martin et al., 2009). The optimization of a multi-gene pathway can
be achieved at DNA level (copy number (Ajikumar et al., 2010; Xu
et al., 2013)), transcription and mRNA level (promoter engineering
(Alper et al., 2005; Blazeck and Alper, 2013; Du et al., 2012),
intergenic region engineering (Pfleger et al., 2006), and terminator
engineering (Karim et al., 2013)), translation and protein level
(ribosome binding site engineering (Salis et al., 2009) and protein
co-localization (Dueber et al., 2009)), and metabolite level
(dynamic metabolic flux control (Dahl et al., 2013; Xu et al.,
2014; Zhang et al., 2012)). Currently, most of these synthetic biology
tools are developed for Escherichia coli. While in S. cerevisiae, a
preferred host for industrial applications, the development of these
pathway optimization tools lags far behind due to the complexity as
a eukaryotic cell factory and is limited to a few examples, such as
the use of promoters (Du et al., 2012; Lee et al., 2013) and
terminators (Curran et al., 2013) with varying strengths. Recently,
RNA interference (RNAi) has also been reconstituted in this
eukaryotic host to modulate gene expression levels (Crook et al.,
2014; Si et al., 2015a,b; Williams et al., 2015) with potential
applications in metabolic engineering and synthetic biology.
However, the use of RNAi for multi-gene pathway optimization has
yet to be explored. Notably, metabolic fluxes are mainly fine-tuned
at the transcription level, which typically has a limited dynamic
range up to around 10-fold (Leavitt and Alper, 2015). Even worse,
although lower expression levels or knock-downs can be readily
obtained using either promoter engineering or RNAi, it is quite
challenging to achieve much higher expression levels (Alper et al.,
2005; Du et al., 2012). Therefore, if plasmids with step-wise
increased copy numbers are available, we should be able to develop
a new synthetic biology tool to fine-tune metabolic fluxes at the
DNA level, which will also further expand the dynamic range of
pathway optimization tools in S. cerevisiae.

In the present study, we truncated the promoters driving the
expression of selection marker genes, including HIS3, TRP1, LEU2,
URA3, KanMX, and HygB, to different degrees and systematically
evaluated their effects on PCNs. By simply performing promoter
truncation, we constructed a series of plasmids with step-wise
increased copy numbers (as high as 100 copies per cell), which

showed a dynamic range of approximately 20-fold for engineered
plasmids with KanMX (G418 resistance) and HygB (hygromycin
resistance) markers. More importantly, we found that the copy
numbers of the plasmids with engineered dominant markers
(5–100 copies per cell) showed a positive correlation with the
concentration of the supplemented antibiotics. Based on this
finding, we developed a simple method named Pathway
Optimization by Tuning Antibiotic Concentrations (POTAC) for
modular optimization of multi-gene pathways by testing different
combinations of antibiotic concentrations. We demonstrated the
applications of POTAC by optimizing the lycopene and n-butanol
biosynthetic pathways, with the production of lycopene and
n-butanol increased by 10- and 100-fold, respectively. In addition,
in conjugation with Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and CRISPR-associated systems
(Cas) (CRISPR/Cas9) enabled multiplex genome integration, the
copy numbers of the genome integrated elements were also found to
be controlled by the antibiotic concentrations. To the best of our
knowledge, this is the first report on the use of antibiotic
concentrations to tune gene copy numbers on both plasmids and
yeast chromosomes and their further application in multi-gene
pathway optimization at the DNA level in S. cerevisiae.

Material and Methods

Strains, Media, and Cultivation Conditions

E. coli strain DH5a was used to maintain and amplify plasmids,
and recombinant strains were cultured at 37�C in Luria-Bertani
(LB) broth containing 100mg/mL ampicillin. S. cerevisiae INVSc1
strain (Life Technologies, Carlsbad, CA) was used as the host for
homologous recombination-based cloning and lycopene produc-
tion. Strain JL0111 (CEN.PK2 gpd1D::loxP gpd2D::loxP adh1D::
loxP adh4D::loxP) constructed in our previous study (Lian et al.,
2014c) was used for n-butanol fermentation. Yeast strains were
cultivated in complex medium consisting of 2% peptone and 1%
yeast extract supplemented with 2% glucose (YPD) or galactose
(YPG). Recombinant strains were grown on synthetic complete
medium consisting of 0.17% yeast nitrogen base, 0.5% ammonium
sulfate, and the appropriate amino acid drop out mix, supplemented
with 2% glucose (SCD) or galactose (SCG). JL0111 derived
recombinant yeast strains were pre-cultured in galactose medium
and inoculated to glucose medium for n-butanol fermentation.
G418 (KSE Scientific, Durham, NC) and hygromycin (Roche,
Indianapolis, IN) were supplemented to the growth media at
specified concentrations. All restriction enzymes, Q5 polymerase,
and the E. coli–S. cerevisiae shuttle vectors were purchased from
New England Biolabs (Ipswich, MA). All chemicals were purchased
from Sigma–Aldrich (St. Louis, MO) unless otherwise specified.

DNA Manipulation

The yeast homologous recombination-based DNA assembler
method was used to construct the recombinant plasmids (Shao
et al., 2009). All the recombinant plasmids constructed in this study
are listed in Supplementary Table S1. Oligonucleotides used for gene
amplification and pathway assembly are listed in Supplementary

2 Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2016



Table S2. HIS3, TRP1, LEU2, URA3, KanMX, and HygB expression
cassettes with variable length of promoters were amplified from
pRS423, pRS424, pRS425, pRS426, pUG6, and pXZ5 (Xiao and
Zhao, 2014), respectively, and then cloned into pH5 linearized by
Tth111I (Supplementary Fig. S1). Genes of the FPP module
(ERG10-ERG13-ERG8-tHMGR-ERG20-ERG12) were amplified from
S. cerevisiae CEN.PK2-1C genome. The lycopene biosynthetic
pathway (CrtE-CrtB-CrtI) was amplified from pRS426-Zea, con-
structed in our previous study (Shao et al., 2009). Upstream
(rPu containing ERG10, cytoYlKR, cytoYlHTD, and cytoETR1) and
downstream (rPd containing EcEutE and CaBdhB) n-butanol
biosynthetic pathway were amplified from rP34, constructed in our
previous study (Lian and Zhao, 2015). To confirm the correct
clones, yeast plasmids were isolated using a Zymoprep Yeast
Plasmid Miniprep II Kit (Zymo Research, Irvine, CA) and amplified
in E. coli for verification by both restriction digestion and DNA
sequencing.

Fluorescence Intensity Measurement

Yeast cells containing plasmids with different level of promoter
truncations were pre-cultured in SCD-LEU (cloning media) and
then inoculated into the corresponding selective media. eGFP
and mCherry fluorescence signals were measured at 488–520 and
580–620 nm, respectively, using a Biotek Synergy 2 Multi-Mode
Microplate Reader (Winooski, VT). The fluorescence intensity
(relative fluorescence units; RFU) was normalized to cell density
that was determined by measuring the absorbance at 600 nm using
the same microplate reader.

Plasmid Copy Number Assays

Plasmid copy numbers were determined by quantitative PCR
(qPCR) using the yeast total DNA extracts. As to the extraction
process, two OD600 units of mid-log phase yeast culture were
harvested by centrifuging at 15,000 rpm for 1min. After
resuspending in 200mL of lysis buffer (20mM phosphate buffer
at pH7.2, 1.2M sorbitol, and 15 U Zymolase), the cells were
incubated at 37�C for 20min. Total DNAs were extracted from yeast
cells by boiling the samples for 15min, freezing at �80�C for
15min, and then boiling again for another 15min. After spinning at
15,000 rpm for 5min, the resulting supernatant containing the total
DNAwas diluted by 10- to 100-fold and used for qPCR analysis. The
ampicillin resistance gene (Ampr) on the plasmids and ALG9 gene
on the chromosome were chosen as the target and reference genes,
respectively. As for the quantification of PCNs of yeast strains
containing more than one plasmids and the copy numbers of the
integrated cassettes, the KanMX or HygB gene and ALG9 gene were
chosen as the target and reference genes, respectively. Copy
numbers were quantified using the standard curve method.
LightCycler 480 SYBR Green Master on a Roche Light Cycler1 480
System (Roche) was used for qPCR analysis.

Lycopene Production and Quantification

Lycopene producing strains were pre-cultured in SCD-HIS-URA
medium for approximately 2 days, inoculated into 5 mL SCD

medium supplemented with different concentrations of hygrom-
ycin and G418 with an initial OD600 of 0.1 in 14 mL culture tubes,
and cultured under aerobic conditions (30�C, 250 rpm) for
lycopene production. When grown into the stationary phase,
yeast cells were collected by centrifuge at 15,000 rpm for 1 min
and cell precipitates were resuspended in 1 mL of 3 N HCl, boiled
for 5 min, and then cooled in an ice-bath for 5 min. The lysed
cells were washed with ddH2O and resuspended in 400mL
acetone to extract lycopene. The cell debris was removed by
centrifuge and the lycopene containing supernatant was analyzed
for its absorbance at 472 nm. The production of lycopene was
quantified using the standard curve method and normalized to
dry cell weight (DCW).

n-Butanol Fermentation and Quantification

n-Butanol producing strains were pre-cultured in SCG-LEU-URA
medium under aerobic conditions for 2 days, inoculated into fresh
SCD medium supplemented with different concentrations of
hygromycin and G418 with an initial OD600 of 0.1, and cultured
under micro-anaerobic or oxygen-limited conditions for n-butanol
fermentation. Samples were taken every 24 h after inoculation until
no further increase in n-butanol production was observed, and the
highest titers were chosen to compare the n-butanol producing
capabilities of yeast strains under different antibiotics concen-
trations. Samples were extracted using an equal volume of ethyl
acetate and the top layer was analyzed by GC-MS as previously
described (Lian and Zhao, 2015; Lian et al., 2014c), except for the
use of 100mg/L of 2-butanol as the internal standard.

Di-CRISPR for Multiplex Genome Integration

To achieve multiplex genome integration, the previously developed
Di-CRISPR (d integration CRISPR/Cas9) platformwas adopted with
some modifications (Shi et al., 2016). Considering the significance
of homologous recombination donors in d integration, plasmid-
based donors which could be stably maintained under selection
condition were designed. To facilitate the construction of donor
plasmids, two helper plasmids containing the left half (d1) and the
right half (d2) of d sequence with multi-cloning sites (MCSs)
inserted in between (Supplementary Tables S1 and S3) were
constructed. Then pathway of interest (rPu, rPd, or mCherry) and
the engineered marker (Hyg30 or Kan20) were cloned into MCSs.
The donor plasmids (Supplementary Table S1) were based on
pRS424 (TRP1marker) and pRS426 (URA3marker), which allowed
counter-selection on 5-fluoroanthranilic acid (FAA) and
5-fluoroorotic acid (FOA) plates, respectively, to completely
eliminate the donor plasmids from yeast cells. In addition, suicide
sites were designed to flank the two halves of d sequence on donor
plasmids. Besides the d sequences, crRNA arrays were designed to
target the suicide sites on the donor plasmid as well
(Supplementary Table S3). Therefore, the donor plasmids could
be stably maintained during integration stage and would be
degraded and completely kicked out of the yeast cells under non-
and counter-selective conditions. Finally, engineered yeast strains
were screened on agar plates containing different concentrations of
G418 and hygromycin.
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Results

Enhanced Plasmid Copy Numbers via Truncation
of Marker Gene Promoters

Previously, it was found that the use of truncated promoters or
partially defective promoters driving the expression of the
auxotrophic marker genes (LEU2 and URA3) significantly
enhanced the copy numbers of the 2m-based plasmids (Erhart
and Hollenberg, 1983; Okkels, 1996). Therefore, we applied this
strategy to other markers commonly used in S. cerevisiae,
especially for those with dominant antibiotic markers, which were
reported to have very low PCNs (4–6 copies per cell) (Karim
et al., 2013). Since plasmids with step-wise increased copy
numbers are rather desirable for pathway optimization at the
DNA level, we performed promoter truncation to different degrees
(TP4, TP3, TP2, and TP1 corresponded to the use of 20, 30, 50,
and 100 bp sequences upstream of the start codon as the partially
defective promoters, respectively) for four auxotrophic markers
(HIS3, TRP1, LEU2, and URA3) and two dominant markers
(KanMX and HygB; Supplementary Table S1). The effects of
promoter truncation on PCNs were systematically evaluated by
using eGFP as a reporter (Supplementary Fig. S1). Using the dual
marker system, all recombinant yeast strains were pre-cultured in
SCD-LEU and then transferred to the corresponding selective
media to study the effects of promoter truncation on PCNs. We
observed no significant difference in eGFP fluorescence intensity
in SCD-LEU (Supplementary Fig. S2). In the corresponding
selective media, PCNs were only slightly enhanced with partially
defective promoters for TRP1, while promoter truncation resulted
in a step-wise increase of eGFP intensity for HIS3, URA3,
KanMX, and HygB (Fig. 1A). Promoter truncation with LEU2
marker, which was first described (Erhart and Hollenberg, 1983)

and widely used (Ro et al., 2008), was not as effective as the other
markers, such as HIS3, URA3, KanMX, and HygB. In addition,
although promoter truncation increased PCNs around threefold,
which was consistent with the previous study when LEU2d was
used (Erhart and Hollenberg, 1983), it was not achieved in an
incremental manner. Notably, the absolute PCN values of
LEU2-TP3 (30 bp) was lower than LEU2d (29 bp) (Erhart and
Hollenberg, 1983), which may result from the differences in PCN
assays and the genetic background of the host strains. By
measuring PCNs with qPCR, we found that PCNs followed the
same pattern as those of eGFP intensity (Fig. 1B) and a strong
linear correlation (R2¼ 0.87) between PCNs and eGFP intensity
was observed (Supplementary Fig. S3), confirming that eGFP
intensity could be used as a reporter of PCNs in S. cerevisiae.
Notably, dominant markers with full-length promoters (wild-type
markers) showed rather low PCNs (lower than five copies per
cell), which agreed well with previous studies (Karim et al., 2013).
Through promoter truncation, we were able to achieve PCNs as
high as 80 copies per cell with either 200 mg/L G418 or
hygromycin supplemented to the growth media, which repre-
sented a 20-fold enhancement in PCNs. With the use of mCherry,
the effects of promoter truncation could be directly visualized by
different intensities of red color (Supplementary Fig. S4A). In
addition, flow cytometry indicated that the enhanced PCNs
resulted from the redistribution of plasmids with different copy
numbers (Supplementary Fig. S4B). Promoter truncation
provides a selection pressure for cells with higher PCNs, which
are enriched in the selective media. Compared with those
containing wild-type promoters, a single eGFP fluorescence peak
was observed by flow cytometry when truncated promoters
(engineered markers) were used. In other words, besides the
enhanced PCNs, the yeast population containing the engineered
markers is more homogenous, which is another important

Figure 1. Systematic evaluation of promoter truncations on PCNs. All yeast strains were pre-cultured in SCD-LEU and then inoculated into SCD-HIS, SCD-TRP, SCD-LEU,

SCD-URA, YPD supplemented with 200mg/L of G418, and YPD supplemented with 200mg/L of hygromycin, respectively. When yeast cells were growing into mid-log phase, the eGFP

fluorescence intensity (relative fluorescence units, RFU) was determined by a plate reader (A) and the corresponding PCNs were quantified by qPCR (B). pRS416-eGFP (dashed

lines) is included as a control for both fluorescent intensity (A) and PCN assays (B). Error bars represent SD of biological quadruplicates for fluorescent intensity (A) and duplicates

for PCN assays (B).
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feature useful for metabolic engineering and synthetic biology
applications.

Dependence of PCNs on Antibiotic Concentrations

Since dominant markers with truncated promoters showed much
higher PCNs, we assume that strains with these engineered markers
may be more sensitive to the antibiotic concentrations. To test this
hypothesis, G418 or hygromycin was supplemented to the growth
media at different concentrations. Interestingly, as the antibiotic
concentration increased, although PCNs were constant with the
wild-type markers, a step-wise increase in PCNs could be observed
when engineered markers were used, especially for Kan20 (TP4;
Fig. 2A and C) and Hyg30 (TP3; Fig. 2B and D). In other words,
PCNs with engineered markers were antibiotic dose dependent.
Generally, PCNs with shorter promoters (higher degrees of
truncation) were more sensitive to antibiotic concentrations,

leading to a larger dynamic range of PCNs. However, we also
found that the dynamic range of PCNs was lost if the promoter was
truncated too much, such as the case with Hyg20 (TP4; Fig. 2B).
Therefore, the promoter driving the expression of the selection
marker gene must be carefully engineered to achieve the best
performance. By combining promoter engineering and the
optimal antibiotic concentration, PCNs as high as 120 copies per
cell were achieved for both engineered KanMX and HygB
markers (Fig. 2C and D). Based on the plasmid stability assays
(Supplementary Methods), we found that the super-high copy
number plasmid showed comparable stability as the commonly
used 2m-based multi-copy plasmids (Supplementary Fig. S5).
Since synthetic medium is preferred for industrial applications, we
then characterized the dependence of PCNs on antibiotic
concentrations in SCD. As shown in Supplementary Figure S6,
the PCNs of both Kan20 and Hyg30 followed a similar trend of
antibiotic dose dependence. However, the yeast strains showed

Figure 2. Dependence of PCNs on antibiotic concentrations. Yeast strains were pre-cultured in SCD-LEU and then inoculated into YPD supplemented with different

concentrations of G418 or hygromycin. (A and B) Plasmids containing KanMX or HygB with different levels of truncation showed variable sensitivity to the concentration of

G418 (mg/L) and hygromycin (mg/L), respectively. (C and D) KanMX-TP4 (Kan20) and HygB-TP3 (Hyg30) showed the biggest dynamic range of PCNs (5–120 copies per cell) as

quantified by qPCR. pRS416-eGFP (dashed lines) is included as a control for PCN assays (C and D). Error bars represent SD of biological quadruplicates for fluorescent intensity

(A and C) and duplicates for PCN assays (B and D).
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much lower sensitivities toward antibiotics in synthetic medium, as
demonstrated by minimal fluorescence at low antibiotic concen-
trations and the tolerance to much higher antibiotic doses (as high
as 1600mg/L).

Modular Pathway Optimization Using Plasmids
With Tunable Copy Numbers

We next explored the application of the constructed plasmids with
step-wise increased copy numbers in fine-tuning the metabolic
fluxes of biosynthetic pathways at the DNA level. As proof of
concept, two fluorescent protein genes (eGFP and mCherry) were
cloned into HIS3 (HIS-CEN, HIS-WT, HIS100, HIS50, HIS30, and
HIS15) and URA3 (URA-CEN, URA-WT, URA100, URA50, URA30,
and URA15) based plasmids, respectively. The eGFP and mCherry
signals were distributed almost as expected, with eGFP mainly
determined by HIS3 plasmids and mCherry by URA3 plasmids
(Supplementary Fig. S7A and B). Indeed, we observed some
interactions between the two series of plasmids. For example, eGFP
and mCherry signals were decreased when both were cloned into
the plasmids with high copy numbers, probably due to competition
between these 2m-based plasmids. To further test whether
antibiotic concentrations could be modulated to fine-tune
metabolic fluxes, we cloned eGFP and mCherry into Hyg30- and
Kan20-based plasmids, respectively. Similarly, an expected
distribution of eGFP and mCherry signals was obtained, with
eGFP mainly determined by the concentration of hygromycin and
mCherry by the concentration of G418, albeit not following a
completely independent manner (Supplementary Fig. S7C and D).
Overall, we obtained plasmids with different copy numbers by
either promoter truncation at different degrees or tuning antibiotic
concentrations, which can be used for pathway optimization at the
DNA level. Especially for the latter, we can simply achieve pathway
optimization by tuning antibiotic concentrations.

Increased Lycopene Production via POTAC

To demonstrate that POTAC can be applied for the optimization of
multi-gene pathways, we chose lycopene biosynthesis as the first
model system. The whole lycopene biosynthetic pathway consisting
of more than 10 genes was divided into two modules at the farnesyl
diphosphate (FPP) branch, the FPP module with Hyg30 marker and
the Lyc module with Kan20 marker (Fig. 3A). The FPP module
contains six endogenous genes (ERG10-ERG13-tHMGR-ERG12-
ERG8-ERG20) whose overexpression were confirmed to enable
higher fluxes from acetyl-CoA to FPP (Paddon et al., 2013; Ro et al.,
2006), and the Lyc module contains three genes (CrtE-CrtB-CrtI)
that are responsible for the conversion of FPP to lycopene (Shao
et al., 2009). By testing different combinations of G418 and
hygromycin concentrations, we found that lycopene production was
increased at higher concentration of hygromycin, while G418
concentration had no effect (Fig. 3B), indicating that the FPP
module was the rate-limiting factor. Therefore, hygromycin was
supplemented at higher concentrations to further increase the
metabolic fluxes toward FPP. Indeed, lycopene production
continued to increase as the hygromycin concentration was
increased (Fig. 3C). Compared with the system containing

wild-type promoters, whose production of lycopene was indepen-
dent on the antibiotic concentrations (Supplementary Fig. S8A), the
production of lycopene was increased about threefold by promoter
truncation and additional threefold by POTAC, resulting in a total of
around 10-fold improvement (Fig. 3D).

Improved n-Butanol Fermentation via POTAC

Although significant improvement in lycopene production was
achieved, the application of POTAC to balance metabolic fluxes at
the DNA level was not clearly demonstrated because the FPP
module was rate-limiting. Therefore, we tested another multi-gene
pathway leading to the biosynthesis of n-butanol. The whole
n-butanol biosynthetic pathway was divided into two modules at
the butyryl-CoA branch, the upstream module (Thl-Hbd-Crt-Ter,
from acetyl-CoA to butyryl-CoA) with Hyg30 marker and the
downstream module (Bad-Bdh, from butyryl-CoA to n-butanol)
with Kan20 marker (Fig. 4A). By testing different combinations of
G418 and hygromycin concentrations, we found that the optimal
condition for n-butanol production was 800mg/L of hygromycin
and 400mg/L of G418 (Fig. 4B). Higher concentration of
hygromycin before reaching the optimal level was better for
n-butanol production, since the overall fluxes were controlled by the
upstream module. The optimal G418 concentration was dependent
on the upstream module, since the downstream module functioned
to balance the overall fluxes. In other words, the concentration of
hygromyin and G418 should be carefully adjusted to fine-tune the
metabolic fluxes of both modules, since higher concentrations may
lead to cellular burdens and lower concentrations can result in
limited (upstream module) or unbalanced (downstream module)
metabolic fluxes. Compared with the system containing wild-type
promoters, whose production of n-butanol was independent on the
antibiotic concentrations (Supplementary Fig. S9A), the production
of n-butanol was increased about 10-fold by promoter truncation
(due to enhanced PCNs) and additional 10-fold by POTAC (due to
balanced metabolic fluxes), resulting in a total of around 100-fold
improvement (Fig. 4C).

Multiplex Pathway Integration via CRISPR/Cas9

Although the engineered markers can control the copy numbers of
plasmids, it will be of practical interest to investigate whether they
can also control the copy numbers of the genetic elements
integrated into the genome. This is mainly because chromosome-
integrated strains show much higher stability (Lee and Da Silva,
1997; Shi et al., 2014, 2016) than plasmid-bearing strains, and if
chromosomally integrated, the requirement of antibiotic supple-
mentation to maintain the desired genetic elements with high copy
numbers may be eliminated. To this end, we integrated Kan20 with
a 40 bp homology arm at both ends into d sequences and screened
the resultant strains on plates with different G418 concentrations.
All the clones tested had only one copy integration at lower selection
pressure, while d integration with more than 30 copies could be
achieved at higher G418 concentrations (Supplementary Fig. S10),
indicating that the integration copy numbers also followed a similar
dose-dependent manner. Unfortunately, no colonies could be
obtained if a large biosynthetic pathway was included together with
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the engineered marker, probably due to the lower transformation
and/or integration efficiency of large DNA fragments. Recently, it
has been shown that multiplex integration of large biosynthetic
pathway into the yeast genome is possible by leveraging the newly
developed CRISPR/Cas9 system, which introduces a double strand
break on the chromosome to boost the efficiency of homologous
recombination (Shi et al., 2016). Therefore, a similar Di-CRISPR
system (Figs. 5A and S11) was employed in this study.
First of all, we cloned mCherry cassette together with the Kan20

marker into the donor plasmid to optimize Di-CRISPR. The
CRISPR/Cas9 elements including a Cas9 expression cassette, crRNA
arrays, and a tracrRNA cassette, were cloned into the HIS30-based
plasmid (Supplementary Table S1), which showed high PCNs
in SC-LEU (�20 copies) and super-high PCNs (�80 copies) in
SC-HIS. The optimal condition to achieve the highest d integration
efficiency was to place the CRISPR/Cas9 system on a super-high
copy plasmid, three serial transfers on integration medium
(selection pressure for both CRISPR/Cas9 system and donor
plasmids), and one transfer in plasmid rescue medium (selection
pressure for only the CRISPR/Cas9 system) (Supplementary

Fig. S12). Combined with counter selection, all donor plasmids
were removed from the system, as confirmed by the inability of the
24 randomly picked colonies to grow on SCD-URA. After screening
colonies on SCD plates containing different concentrations of G418,
we found the fluorescence was dependent on the selection pressure
(higher antibiotic concentration resulted in more intensive
fluorescence), which confirmed our assumption that the engineered
markers were able to control the copy numbers of integrated
cassettes on the chromosomes (Supplementary Fig. S13).
Then, we cloned the upstream module and downstream module

of n-butanol biosynthetic pathway together with Hyg30 and Kan20,
respectively, to construct two donor plasmids for Di-CRISPR.
Colonies were randomly picked from the plates with low (200mg/L
for both hygromycin and G418; Hyg200Kan200) or high selection
pressure (800mg/L for hygromycin and 400mg/L for G418;
Hyg800Kan400) and characterized for their ability to produce
n-butanol. As shown in Figure 5B and C, higher n-butanol
production was achieved with higher selection pressure, further
confirming that the engineered markers could control the copy
numbers of the chromosomally integrated cassettes. Compared

Figure 3. POTAC for lycopene biosynthesis. (A) The multi-gene lycopene biosynthetic pathway was divided into two modules, the FPP module (blue) and the Lyc module (red).

Genes shown in bold were overexpressed. (B) Optimization of lycopene production by testing combinations of G418 and hygromycin concentrations. (C) Further improvement of

lycopene production by increasing the concentration of hygromycin. (D) A summary of the engineering efforts to increase lycopene production. WT, HygWT-FPP and KanWT-Lyc

under normal antibiotic working concentrations (100 mg/L each); TP, Hyg30-FPP and Kan20-Lyc under normal antibiotic working concentrations (improvement by promoter

truncation or PCN engineering); OPT, Hyg30-FPP and Kan20-Lyc under optimal antibiotic concentrations (further improvement by POTAC via tuning antibiotic concentrations). Error

bars represent SD of biological duplicates.
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with the plasmid system, we found significant clonal variations in
n-butanol production, which was commonly observed for d
integration (Lee and Da Silva, 1997; Shi et al., 2014, 2016), probably
due to the difference in copy numbers and/or loci dependent
pathway activities. As for the best performing strain (INT3), the
production of n-butanol reached about 70% of the value achieved
using the plasmid systemunder optimal condition (Hyg800Kan400).
Then, the copy numbers of the upstream module and downstream
module in the four best performing strains (INT1, INT2, INT3, and
INT4, respectively) were quantified by qPCR and compared with
the plasmid containing strain, which were obtained under the same
selection pressure (Fig. 5D). Interestingly, although the exact
copy numberswere not the same, the ratio of the copy numbers of the
upstream module and the downstream module was rather
similar (�1:2.4 in the plasmid containing strain vs. �1:2.9 in
the chromosome-integrated strains). Our results indicated that

the n-butanol biosynthetic pathway might be optimized in the
integration strains as well through the use of the engineered markers
under appropriate selection pressure.

Finally, we tested the stability of the integration strain (INT3) in
media without antibiotic supplementation. After more than 20
rounds of cell division without selection pressure under micro-
anaerobic condition, the integrated strain still produced about 80%of
the amount of n-butanol obtained in antibiotics containing medium
(Fig. 5E). On the contrary, the production of n-butanol was nearly
undetectable in the plasmid-based system. Therefore, the integration
strain demonstrated much higher stability in antibiotic-free media.

Discussion

Biological conversion of renewable feedstock into fuels and
chemicals has been intensively investigated due to increasing

Figure 4. POTAC for n-butanol production. (A) The multi-gene n-butanol biosynthetic pathway was divided into two modules, the upstream module (blue) and the downstream

module (red). (B) Optimization of n-butanol production by testing different combinations of G418 and hygromycin concentrations. (C) A summary of the engineering efforts to increase

n-butanol production. WT, HygWT-rPu and KanWT-rPd under normal antibiotic working concentrations; TP, Hyg30-rPu and Kan20-rPd under normal antibiotic working

concentrations; OPT, Hyg30-rPu and Kan20-rPd under optimal antibiotic concentrations. Error bars represent SD of biological duplicates.
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concerns on sustainability and global climate change (Du et al.,
2011). Thanks to its well-studied genetic background,
compatibility of high-density and large-scale fermentation,
resistance to phage infection, and high tolerance against toxic

inhibitors and products, S. cerevisiae is one of the most popular
cell factories and has been successfully used in modern
fermentation industry to produce a wide variety of products
including but not limited to ethanol, organic acids, enzymes,

Figure 5. Dose dependence of the copy numbers of the chromosomally integrated cassettes. (A) Multiplex pathway integration into the d sites was achieved by taking advantage of the

CRISPR/Cas9 technology to introduce a double strand break on the chromosome (Di-CRISPR). Plasmid-based donors were designed to continuously supply the HR donors for d integration,

which also allowed to be completely removed from yeast cells by Cas9 cutting and counter selection. (B and C) Colonies were randomly picked from the Di-CRISPR library with low selection

pressures (non-optimizedcombination)orhighselectionpressures (POTACoptimizedcombination)andcharacterized forn-butanolproduction levels. (D)Copynumbersof theupstreammodule

(rPu) and the downstream module (rPd) on both plasmids and chromosomes, which were obtained under the same selection pressure (800mg/L hygromycin and 400mg/L G418), were

determinedbyqPCR. (E)Stability ofn-butanol producingstrains.Plasmidcontainingstrainand the integratedstrainwerepre-cultured inSCG/Hyg800Kan400until saturation, and then inoculated

into fresh SCDmediawith orwithout the supplementation of antibiotics (800mg/L hygromycin and 400mg/L G418). Strain stabilitywas tested by serial transfers (4–5 generations of cell division

per each transfer) in non-selectivemedia (SCD) undermicro-anaerobic condition and the productionofn-butanolwascomparedwith that in antibiotics containingmedia (SCD/Hyg800Kan400).

Decreased n-butanol production indicated the loss or decrease of the copy numbers of plasmids or genome integrated cassettes. Error bars represent SD of biological duplicates.
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and therapeutic proteins (Du et al., 2011; Hong and Nielsen,
2012; Lian et al., 2014a).

The development of microbial cell factory generally starts with
the introduction of a biosynthetic pathway containing several
heterologous genes, followed by the optimization of the multi-gene
pathway (Eriksen et al., 2014; Martin et al., 2009). The most
powerful and well-developed method to achieve pathway
optimization in S. cerevisiae is to use different promoters (Lee
et al., 2013) or promoter mutants (Du et al., 2012) with step-wise
increased strengths. In our previous studies, we have developed a
method named COMPACTER (Customized Optimization of
Metabolic Pathways by Combinatorial Transcriptional Engineering)
using promoter mutants to fine-tune the metabolic fluxes of multi-
gene pathways (Du et al., 2012). Although promoter mutants with
different strengths could be generated by error-prone PCR, this
method tended to generate promoter mutants with lower activities
rather than higher ones and the dynamic range was very limited
(�10-fold) (Du et al., 2012). Therefore, development of new tools at
different levels of control (such as at the DNA level) is required to
optimize multi-gene pathways. In this study, we engineer the
2m-based high copy plasmids to have different copy numbers
through the use of partial defective promoters driving the
expression of both auxotrophic and dominant markers. Notably,
promoter mutants used in COMPACTER tend to have lower activity
than the wild-type, while the engineered marker containing
plasmids tend to have higher copy numbers than the traditional
2m-based plasmids. Therefore, POTAC and COMPACTER can be
combined to expand the dynamic range of pathway optimization
tools in S. cerevisiae. From another perspective, the number of
genes in a biosynthetic pathway can be optimized is limited by the
library transformation efficiency. For example, assuming a
transformation efficiency of 105 and 10 promoter mutants with
step-wise increased strength, a maximum of five genes can be
optimized. This dramatically limits the application of COMPACTER
to improve the production of many value-added compounds, whose
biosynthetic pathways may involve more than 10 genes. Another
advantage of combining POTAC and COMPACTER is the possibility
to divide a long synthetic pathway into different modules. In this
case, we can optimize each module containing around five genes
using COMPACTER (local or partial optimization) and then further
balance the metabolic fluxes between different modules using
POTAC (global or complete optimization; Supplementary Fig. S14).
Although this study only demonstrates the optimization of two
modules, by following a similar strategy, we can obtain more
engineered dominant markers such as Ble (bleomycin resistance)
for the optimization of multi-module pathways.

Besides pathway optimization, plasmids constructed in this
study with tunable copy numbers may have other important
applications in metabolic engineering and synthetic biology. A most
straightforward application is the use of the super-high copy
number plasmids for efficient expression of recombinant proteins of
industrial or pharmaceutical interests (Chen et al., 2012). In
addition, since PCNs can be simply tuned by the antibiotic
concentrations, cell factories with the optimal copy numbers of the
targeted genes or pathways can be easily constructed. It has been
well-known that optimal copy numbers depend on not only the
targeted pathways but also the genetic background of the producing

hosts (Yamada et al., 2010). For example, high PCNs resulted in
more efficient biosynthesis of an artemisinin precursor (Ro et al.,
2008), while it worked much better to have the cellobiose utilization
pathway on a CEN/ARS-based low copy number plasmid (Lian
et al., 2014b). If the 2,3-butanediol biosynthetic pathway is
considered, high copy numbers were required to achieve efficient
biosynthesis in the wild-type yeast strain (Shi et al., 2016), while
low copy numbers led to higher production in the ethanol non-
producing, pyruvate decarboxylase deficient strain (data not
shown). The super-high copy number plasmids with dominant
markers, such as Kan20 and Hyg30, can also be used for
engineering of industrial yeast strains, especially in the cases when
high expression level is needed. One such example is the application
of CRISPR/Cas9 system for genome engineering. Although the
CRISPR/Cas9 system has been adopted for genome editing in both
laboratory (Bao et al., 2015; DiCarlo et al., 2013; Horwitz et al., 2015;
Jakociunas et al., 2015; Mans et al., 2015; Ronda et al., 2015; Shi
et al., 2016) and industrial yeast strains (Stovicek et al., 2015; Zhang
et al., 2014), much lower knock out efficiency was generally
observed for industrial yeast strains, partially caused by the low
copy numbers of the Cas9 and/or gRNA expressing plasmids.

Although plasmids possess the advantages mentioned above,
they suffer from genetic instability (Shi et al., 2014; Tyo et al., 2009),
clonal variations, and PCN change at different growth stages.
Therefore, genome integration to maintain the heterologous
pathways without selection pressure is preferred for industrial
applications. A major challenge is to integrate multiple copies of the
desired genes or pathways into the genome. In E. coli, a process
named CIChE (Chemical Induced Chromosome Evolution)
was developed to evolve a chromosome with �40 consecutive
copies of a recombinant pathway (Tyo et al., 2009). In S. cerevisiae,
integration into the d sequences (d integration), which are
positioned throughout the genome, was generally used to construct
genomic integrated yeast strains with multiple copies (Lee and Da
Silva, 1997). Interestingly, it was found that high copy numbers were
commonly achieved by tandem integration into the same locus
(single cross-over) rather than single integration at different loci
(double cross-over) of d sequences (Supplementary Fig. S14)
(Lee and Da Silva, 1997). One problem with genes or pathways in
tandem repeat is their genetic instability, as shown in the CIChE
engineered strains that the high copies could only be maintained
under selection pressure or in a homologous recombination
deficient strain (Tyo et al., 2009). Recently, another study designed
double cross-over based d integration in S. cerevisiae and only six
copies of one gene expression cassette were integrated, even though
the process was repeated several times and antibiotic concentration
as high as 20 g/Lwas used (Shi et al., 2014). In the present study, we
integrated much higher copy numbers into different d sites using a
low antibiotic concentration, 200mg/L of G418 to achieve 30 copies
of integration (Supplementary Fig. S10). In addition, by taking
advantage of the CRISPR/Cas9 technology, we were able to integrate
much larger DNA fragments (>10 kb) with high copy numbers into
the chromosomes. Most recently, by following a similar design,
another study reported the integration of a large biosynthetic
pathway (�24 kb) into the yeast genome with high copy numbers
(Shi et al., 2016). Nevertheless, we also demonstrated that the copy
numbers of the integrated elements could be controlled by the
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antibiotic concentrations, another important feature for designing
and constructing optimal cell factories.
In summary, we constructed plasmids with tunable copy numbers

(promoter truncation levels and/or antibiotic concentrations) and
developed a simple yet highly efficient strategy named POTAC
to improve the performance of multi-gene biosynthetic pathways in
S. cerevisiae. In addition, we also found that our engineering strategy
in conjugation with CRISPR/Cas9 system enabled multiplex genome
integration in a controllablemanner. The plasmids with tunable copy
numbers as well as their subsequent applications in pathway
optimization and multiplex genome integration represent powerful
synthetic biology tools to engineer S. cerevisiae cell factory for
efficient production of value-added compounds.
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