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Abstract
Background  Manipulating the gene expression is the key strategy to optimize the metabolic flux. Not only 
transcription, translation, and post-translation level control, but also the dynamic plasmid copy number (PCN) 
control has been studied. The dynamic PCN control systems that have been developed to date are based on the 
understanding of origin replication mechanisms, which limits their application to specific origins of replication and 
requires the use of antibiotics for plasmid maintenance. In this study, we developed a dynamic PCN control system 
for Escherichia coli that is maintained without antibiotics. This is achieved by regulating the transcription level of the 
translation initiation factor IF-1 (infA), an essential gene encoded on the plasmid, while deleting it from the plasmid-
bearing host cell.

Results  When validated using GFP as a reporter protein, our system demonstrated a 22-fold dynamic range in PCN 
within the CloDF13 origin. The system was employed to determine the optimal copy number of the plasmid carrying 
the cad gene, which converts an intermediate of the tricarboxylic acid cycle (TCA cycle) to itaconic acid. By optimizing 
the PCN, we could achieve an itaconic acid titer of 3 g/L, which is 5.3-fold higher than the control strain.

Conclusions  Our system offers a strategy to identify the optimal expression level of genes that have a competitive 
relationship with metabolic pathways crucial for the growth of the host organism. This approach can potentially be 
applied to other bacterial hosts by substituting the sensing module or the essential gene.
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Background
Overexpressing the genes in the synthesis pathway is a 
common strategy to obtain a high titer of a target metab-
olite. However, each metabolite producing gene has its 
optimal expression level for the best production. Overex-
pression of genes does not always guarantee the expected 
result. For example, the overexpression of genes could 
lead to growth inhibition or toxicity in the host bacte-
ria [1, 2]. Therefore, the optimization of gene expres-
sion levels in metabolic engineering is important, and 
this has been conducted at transcriptional, translational, 
or even post-translational levels. At the transcriptional 
level, gene expression can be modulated by replacing a 
promoter with a static promoter or inducible promoter 
or by using the CRISPRi system [3–8]. To modulate pro-
tein translation efficiency, ribosome binding sites with 
appropriate strength can be designed or selected from 
a library [9–11]. Alternatively, translation can be down 
regulated using antisense RNA [12], small RNA [13, 14], 
or Tl-CRISPRi [15]. The amount of protein can also be 
modulated at the post-translational level. Degradation 
tags such as ssrA and Pup, or degrons have been used in 
conjunction with their partner proteases to enhance the 
degradation of target proteins [16–18].

Recent studies have shown that by altering the com-
ponents of the plasmid origin of replication, gene dos-
age can be regulated through dynamic control of plasmid 
copy number (PCN) [19–21]. This approach reduces 
the requirement for multiple cloning steps to determine 
the optimal expression levels of the genes residing in 
the same plasmid. By substituting the promoter of the 
plasmid replication initiation factor with one regulated 
by cuminic acid to regulate the inhibitory transcription 
factor of the promoter, cuminic acid-dependent PCN 
change was enabled [19]. In the case of pUC19 origin, 
the PCN was manipulated by tuning the priming and 
inhibitory RNA working on the replication origin, and 
the system was applied to the violacein production [20]. 
In addition, the PCN within ColE1 and p15A origin 
could be regulated in two plasmids system in which one 
plasmid regulated the transcription of either priming or 
inhibitory RNA of the origin on the other plasmid [21]. 
However, all the aforementioned static or dynamic gene 
expression systems still necessitate the use of antibiotics 
for plasmid maintenance.

The use of antibiotics in metabolite production has sev-
eral disadvantages. Plasmid maintenance with antibiotics 
can lead to the emergence of antibiotic-resistant organ-
isms [22] and cause PCN heterogeneity [23]. Especially 
when producing compounds intended for human contact 
or ingestion, reducing antibiotics during the production 
process is preferable to ensure safety. Previous studies 
demonstrated the stable maintenance of plasmids with-
out antibiotics by applying toxin-antitoxin mechanism 

[24, 25], auxotrophic or essential gene complementation 
[26, 27], or repressor titration [28]. Especially, STAPL 
system that maintains plasmids within cells without 
using antibiotics by relocating essential gene, translation 
initiation factor IF-1 (infA), to the plasmid and removing 
the gene from the chromosomes was developed [29]. The 
study also discovered that the PCN shifts in response to 
static changes in infA transcription levels [29]. The PCN 
and expression levels of the essential gene exhibited an 
inverse correlation.

In this study, we developed a dynamic PCN controlling 
system maintained without antibiotics by dynamically 
modulating the transcription level of a plasmid-relocated 
essential gene, infA. The transcription level of infA is con-
trolled by an inverting genetic circuit in which anhydro-
tetracycline (aTc) addition leads to the reduction in infA 
expression level. The system was designed to maintain 
maximum infA expression during the cloning step, keep-
ing PCN low. For the production of target metabolite, 
PCN can be upregulated by adding an inducer to reduce 
infA expression. The developed system was applied to the 
optimization of itaconic acid production.

Methods
Strains, plasmids, primers, genetic manipulation
Mach-T1R was used for the construction of plasmids 
used in this study. Otherwise, MG1655 was used. The 
strains and plasmids used in the study are listed in Table 
S1. The primers used for the construction of plasmids 
are listed in Table S2. Gene parts for tetR (TetR-HpaI-R, 
phlF-TetR-R), phlF (phlF-TetR-F, phlF-R1) (phlF-TetR-
F, phlF-R2), gfp (opt-gfp-R, opt-gfp-F) (opt-gfp-R, PphlF-
phlF-F), infA(InfA- PphlF -F, InfA-PstI-R) (InfA-PstI-R, 
PphlF -phlF-F), were amplified once or twice using PCR 
and assembled using NEBuilder HiFi DNA Assembly kit 
(New England Biolabs, Ipswich, MA, USA) with Bsu36I, 
HpaI cut pCDF-Duet vector. This vector was used as a 
template and modified accordingly for other plasmids 
used in this study. For the tight regulation of the dynamic 
control genetic circuit, BBa_B1006 (90% efficiency) was 
chosen as the terminator for phlF. In addition, the RBS of 
phlF was set to the expression level around 40,000 using 
the UTR designer [10].

In order to knock out the infA gene on the chromo-
some, a plasmid containing infA and the induction mod-
ule (tetR and phlF with tet promoter, infA with phlF 
promoter) was electroporated to MG1655_pSIM5. The 
editing template containing the kanamycin resistance 
gene and FRT sequences was prepared by PCR with 
primers (D-infA-F2, D-infA-B2) and electroporated to 
the lambda red competent cell. The cells undergone suc-
cessful recombination were selected on LB plates con-
taining spectinomycin and kanamycin.
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Specific fluorescence measurement
Modified M9 medium (47.8 mM Na2HPO4, 22.0 mM 
KH2PO4, 18.7 mM NH4Cl, 8.6 mM NaCl, 2 mM MgSO4, 
and 0.1 mM CaCl2) containing 4 g/L glucose and 7.5 g/L 
casamino acids was used.

The regulation range of phlF promoter in E. coli DCP 
strain (Supplementary Table. S1) was measured with 
Sense (Hidex, Turku, Finland). Overnight incubation 
was done in 5 mL medium in 100 mL test tube at 37 °C, 
250  rpm. The incubated cells were diluted to OD600 0.1 
and grown until OD600 exceeds 1.0. The cells were inocu-
lated to OD600 0.05. When OD600 reached around 0.3, aTc 
was added to the final concentration of 0.01, 0.1, 1, 2. 3, 
5, 10, 50, 100, 500, and 1000 ng/mL. The specific fluores-
cence was measured by the dividing fluorescence value 
by the measured OD600 at 10 h after aTc addition.

The GFP measurement in our dynamic control of the 
PCN system was conducted in E. coli DCG strain (Sup-
plementary Table. S1) using S3e Cell Sorter (Bio-Rad, 
California, USA). Overnight inoculation was prepared in 
5 mL medium in a 100 mL test tube. The incubated cells 
were refreshed to OD600 0.1, grown to exponential phase, 
and inoculated to OD600 0.05. When OD600 reached 
around 0.3, aTc was added to the final concentrations 
of 0.05, 0.5, 5, 50 ng/mL in 5 mL. After 10 h of incuba-
tion from the aTc addition, the specific fluorescence was 
directly measured using flow cytometry.

Quantification of the PCN
The copy number was quantified using quantitative PCR 
(qPCR) following a previously used method and modified 
accordingly [30]. Accupower 2X greenstar qPCR Master 
Mix (Bioneer, Daejon, Republic of Korea) was used for 
the reaction mixture. StepOnePlus Real-time PCR sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA) was 
used.

For the standard curve development, MG1655 gDNA 
and pCDF-Duet vector were prepared. The rpoA flanking 
region was amplified with Flank_rpoA_eco_F and Flank_
rpoA_eco_R, and was used as the gDNA template. The 
concentrations of pCDF-Duet vector and rpoA flanking 
region of gDNA were measured using Qubit assay. The 
primers qPCR_cloDF13_F, qPCR_cloDF13_R and qPCR_
rpoA_eco_F, qPCR_rpoA_eco_R were used respectively 
for serially diluted pCDF-Duet and rpoA flanking region 
(Supplementary Fig. S4).

Cell cultures diluted in DDW were boiled at 95  °C 
for 10  min and diluted to OD600 0.01. Each sample was 
amplified using pCDF-Duet vector primers and gDNA 
primers. PCN was calculated by dividing the plasmid 
molecules by gDNA molecules.

Itaconic acid production
The strain used for the production of itaconic acid (DCI 
(Supplementary Table. S1)) was grown in an M9 medium 
supplemented with 2  g/L yeast extract, 10 mL/L ATCC 
trace mineral solution, and 20  g/L glucose at 30  °C, 
200  rpm. Kanamycin (50 µ g/mL) was used to prevent 
contamination. Each seed was inoculated in a 5 mL 
medium contained in a 100 mL test tube. Overnight cul-
tured cells were diluted to OD600 0.1 in a 10 mL medium 
contained in a 300 mL flask. The cells were inoculated to 
OD600 0.05 in 25 mL of medium in a 300 mL flask, and 
aTc (final concentration: 0.05, 0.5, 5, 50, 500 ng/mL) was 
added when OD600 reached approximately 0.3. The pH 
titration was conducted every 6 h after the aTc addition, 
to approximately pH 7.0. All samples were prepared in 
biological triplicates.

HPLC analysis
For the quantitative analysis of itaconic acid, the super-
natant of the cell culture was filtered and analyzed using 
HPLC (Shimadzu, Kyoto, Japan) with cation-exchange 
Aminex HPX-87  H column (Biorad, California, USA) 
[31]. 5 mM sulfuric acid was used as the mobile phase. 
The flow rate was 0.6 mL/min and the oven tempera-
ture was maintained at 14 °C. Glucose was detected with 
a refractive index detector, and acetic acid and itaconic 
acid were detected with a UV–vis diode array detector 
(at 210 nm). For HPLC standards, itaconic acid was pur-
chased from TCI America, glucose was purchased from 
Acros Organics, and acetic acid was purchased from 
Supelco.

Results
Design of dynamic PCN control system
A genetic circuit which enables the dynamic PCN control 
within an origin of replication was devised (Fig. 1). The 
previous study discovered that the static change in the 
transcription level of infA led to the alteration in the PCN 
[29]. According to the study, the PCN was inversely pro-
portional to the transcription level of infA. For metabo-
lite production, the expression level of the corresponding 
gene is usually maintained low during the cloning process 
and is induced during the production stage to minimize 
the burden posed on the cell. Therefore, we designed 
a system that keeps PCN low without an inducer and 
increases PCN at specific time points with the addi-
tion of an inducer. We employed an inverted induction 
module by which the inducer addition lowers the infA 
expression level, thereby upregulating PCN. Therefore, 
we combined two activating inducible systems to reverse 
the signal of the induction and repress infA expression. 
For future applications, it is sufficient to change only the 
primary sensing module while keeping the infA promoter 
unchanged. This approach will relieve us of the need for 
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repeated optimization and validation of the infA pro-
moter each time.

We selected a regulatory system consisting of a PhlF 
promoter (PphlF) and tetA promoter (PtetA), in which the 
PhlF repressor is controlled by the PtetA and repressed by 
the TetR (Fig. 1). The addition of aTc activates the expres-
sion of phlF. Subsequently, PphlF driven infA expression 
is repressed [32]. There is a strong correlation between 
infA and cell growth; not only is the transcription of 
infA associated with cell growth [33, 34], but infA is also 
essential for cell viability [35]. As a result, a decrease in 
infA expression leads to an increase in PCN to maintain 
the necessary levels of infA. Since infA is a critical gene, 
insufficient expression hampers cell growth, causing an 
accumulation of plasmids within the cell. Conversely, 
since infA expression is not repressed in the absence of 
aTc, cells are expected to retain enough amount of trans-
lation initiation factor to survive without increasing the 
PCN (Fig. 1).

Validation of the designed dynamic PCN control 
system
The inverted induction module was first tested in DCP. 
The regulation range of PphlF by the addition of aTc was 
tested by placing gfp under the control of the promoter 
(Fig.  2A). The specific fluorescence was measured to 
deduce the regulation range of the inverted induction 
module. As the concentration of aTc increased, the spe-
cific fluorescence exhibited a marked decline beginning 
at 50 ng/mL, showing a 24-fold reduction. At higher con-
centrations of aTc, the specific fluorescence remained 

consistent, with the maximum reduction reaching 
26-fold (Fig.  2B). However, cell growth was inhibited 
above 500 ng/mL aTc, which is known to have cytotoxic-
ity [36] (Fig. 2C). To avoid reducing cell growth by more 
than 25%, aTc concentrations below 500 ng/mL were 
used in the following experiments.

Next, we examined how the PCN changed in response 
to the infA expression level (Fig. 2D). The PCN of DCG 
was indirectly measured by the constitutively expressed 
gfp. The specific fluorescence was measured by flow 
cytometry as it segregates each cell into individual drop-
lets and yields a precise fluorescence each cell possesses 
[37]. The control strain (SCG) was cultured in spectino-
mycin containing condition, as we aimed to compare our 
system to the conventional plasmid maintaining system. 
The specific fluorescence elevated as the concentration of 
aTc increased, which indirectly indicated the increase in 
the PCN. The DCG strain showed a 6.5-fold regulation 
range of specific fluorescence compared to the control 
strain, when aTc 500 ng/mL was added (Fig. 2E, Supple-
mentary Fig. S1). The qPCR result demonstrated the 
actual PCN had a 22-fold regulation range compared 
to the control strain when aTc 50 ng/mL was added 
(Fig.  2F). The regulation range of PCN (9-196 copies, 
22-fold) is much broader compared to the reported copy 
number range of CloDF13 (20–40 copies, 2-fold) [38]. 
Therefore, it was confirmed that adjusting the expres-
sion level of infA can dynamically regulate PCN, thereby 
enabling control over the expression level of the target 
protein.

Fig. 1  The overall scheme of the dynamic control of PCN. Without aTc, TetR binds to the operator region of phlF promoter, repressing phlF expression. 
Therefore, the comparably enough infA expression will lead to less PCN. When aTc is added, aTc binds to TetR, unrepressing phlF expression. Expressed 
phlF then represses the infA expression, upregulating the PCN
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The dynamic range of the specific fluorescence was less 
than that of the PCN. A plausible reason for this phe-
nomenon would be the role of infA, which is a translation 
initiation factor. Too low infA expression due to the addi-
tion of a high concentration of aTc might impair the effi-
ciency of translation initiation in the cell. This could be 
improved in further studies to encompass a wider range 
of target protein expression levels. Although the specific 
fluorescence was highest at 500 ng/mL of aTc, the PCN 
was lower than that at 50 ng/mL of aTc. PphlF was effec-
tively turned off at aTc 50 ng/mL (Fig. 2B). The deviation 
from the expected increase in PCN at aTc 500 ng/mL 
may have resulted because this concentration exceeded 
the regulatory range. One hypothesis is that the repressor 
of primer (Rop) protein, which is encoded on a dynami-
cally regulated plasmid, accumulates beyond a certain 
level like GFP. This may enhance the formation of kissing 

complexes or repress the transcription of RNAII thereby 
reducing the PCN. Yet, we are not certain of the exact 
mechanism. The major reason for the cell growth inhibi-
tion (Fig. 2G) was considered to be infA expression level 
reduction as the reduction in cell growth was two times 
greater than the aTc cytotoxicity effect (Fig.  2C). The 
real-time quantitative reverse transcription PCR (qRT-
PCR) results indicated that cells maintained infA mRNA 
levels up to 5 ng/mL of aTc, but these levels decreased to 
60% at 50 ng/mL (Fig. S2A), likely contributing to growth 
inhibition. Slight growth inhibition at 5 ng/mL aTc was 
due to increased PCN to restore infA levels. The expres-
sion level of the infA transcript from each plasmid (Fig. 
S2B) corresponded with the relative fluorescence inten-
sity of DCP (Fig. 2B). This demonstrates that variations in 
infA expression levels affected both PCN and cell growth. 
Overall, the genetic circuit consisting of two inducible 

Fig. 2  Validation of our dynamic control of PCN system. (A) Design of PphlF dynamic range check plasmid construct in DCP. (B) GFP specific fluorescence 
regulation range of the phlF promoter at 10 h after aTc (0.01, 0.1, 1, 2, 3, 5, 10, 50, 100, 500, 1000 ng/mL) addition. (C) Cell growth effect (OD600) of DCP 
at 10 h after aTc induction. (D) Dynamic control of the PCN cassette design in DCG. (E) Mode of GFP specific fluorescence measured by flow cytometry 
at 10 h after aTc (0.05, 0.5, 5, 50, 500 ng/mL) addition. Spectinomycin was only used in the control strain. (F) Biological triplicate results of PCN at 10 h 
measured by qPCR. (G) Cell growth (OD600) of the control and DCP with aTc (0.05, 0.5, 5, 50, 500 ng/mL)
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promoters allowed the adjustment of PCN by modulat-
ing the infA expression level through simple changes in 
inducer concentration.

Application of the dynamic PCN control system in 
metabolite production
Dynamic PCN control system can be applied to deter-
mine the optimal PCN for metabolite production. The 
optimal expression level of enzymes is often difficult to 
predict, depending on the metabolic pathway. A specific 
expression level, which may include low expression of the 
target gene, often results in higher titer [2, 39, 40]. The 
PCN control system minimizes the need for redundant 
cloning typically required to adjust PCNs, thereby sim-
plifying the process of optimizing the expression level 
of the target gene. This optimization is crucial when 
the target gene competes with the metabolic pathways 
related to cell growth in the host bacteria. The system 
can be applied not only to cell growth-related pathways 
but also to other metabolic pathways that are difficult to 
delete or engineer to reduce flux. This approach ensures 
the efficient balance of gene expression and metabolic 
activities necessary for optimal bacterial function and 
chemical production. Additionally, our developed system 
can incorporate the optimization of PCN when there is a 
discrepancy between PCN and protein expression levels.

We applied our system for itaconic acid production, a 
platform chemical for high-value products such as plas-
tics and latex [41, 42]. The synthesis pathway of itaconic 
acid competes with the tricarboxylic acid (TCA) cycle 
through cis-aconitate. Cis-aconitate is a substrate for 

cis-aconitate decarboxylase (CAD) and is also an inter-
mediate in the TCA cycle. Therefore, the optimal flux dis-
tribution is crucial to achieve a high titer of itaconic acid. 
The CAD, which enables the conversion from cis-aconi-
tate to itaconic acid, was expressed under the control of 
medium strength promoter J23106 to avoid cellular bur-
den. The gene was integrated into the plasmid, which 
included a dynamic PCN control cassette. Subsequently, 
the infA gene on the chromosome was deleted to yield 
the strain, DCI (Fig. 3A). Increase in the titers of acetate 
and itaconic acid was observed throughout the cultiva-
tion (Supplementary Fig.  3). The itaconic acid titer was 
not proportional to the pattern of PCN. However, we 
were able to determine the optimal copy number of DCI 
for maximizing itaconic acid production. The itaconic 
acid titer from the DCI strain was 5.3 times greater than 
that of the control strain (SCI). When compared to the 
STAPL system in the previous study, our DCI achieved 
3.4 fold itaconic acid titer (Supplementary Figure. S3) 
[29]. This significant increase was observed when the 
PCN ranged from 45 to 80, with the concentration of aTc 
maintained between 0.05 ng/mL and 5 ng/mL (Fig.  3B 
and C). To analyze the expression of CAD, we performed 
SDS-PAGE (Supplementary Figure S5). The expression 
of CAD mirrored the itaconic acid titer rather than the 
PCN, even though other proteins on the same plasmid 
(SmR, PhlF, and TetR) appeared to exhibit increased 
expression levels in accordance with the PCN (Supple-
mentary Figure S5 and Fig. 3C). This result is consistent 
with previous literature demonstrating that an increase 
in CAD expression leads to an increased itaconic acid 

Fig. 3  Application of our dynamic control of plasmid control system in the production of itaconic acid. (A) Itaconic acid production metabolic pathway in 
DCI. (B) Itaconic acid titer at 60 h when various concentrations of aTc (0.05, 0.5, 5, 50, 500 ng/mL) were added. Spectinomycin was only used in the control 
strain. (C) The PCNs in itaconic acid producing strains when aTc was added. (D) Cell growth (OD600) when aTc was added
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titer [43]. We hypothesize that CAD expression is hin-
dered by an increase in PCN, as it is linked to cell growth 
and competes in the TCA cycle, resulting in lower 
expression levels due to cellular burden. Although we do 
not fully understand the underlying mechanism, enzyme 
expression decrease at high plasmid copy number has 
been reported [2]. The culture conditions such as media 
composition, volume, and temperature differed between 
the production of GFP and itaconic acid. The trends in 
cell growth in response to aTc addition were analyzed 
[44]. When comparing the PCN in Figs. 2F and 3C, the 
control strain and the DCI strains at aTc concentrations 
of 0.05 and 0.5 ng/mL showed significantly greater PCN 
in DCI than in DCG. In contrast, at aTc concentrations of 
5, 50, and 500 ng/mL, the PCN of DCI was similar to or 
slightly lower than that of DCG. This indicates that infA 
repression was comparatively less stringent at aTc con-
centrations of 5, 50, and 500 ng/mL. Consequently, the 
growth curves for DCI at 5, 50, and 500 ng/mL appeared 
to be elevated compared to those of DCG. To sum up, the 
dynamic PCN control system enabled the determination 
of the optimal expression of cad, which competes with 
the TCA cycle. When stronger CAD promoters are uti-
lized or when CAD is colocalized with aconitase (Acn) 
[45], the titer of itaconic acid is expected to increase. This 
occurs as CAD fully redirects the metabolic flux from the 
TCA cycle toward the production of itaconic acid. The 
system will ease the prediction of optimal gene expres-
sion in metabolite production.

Discussion
Recently, several studies regarding the dynamic PCN 
control system have been developed [19–21]. These 
studies modulated the genetic parts involved in the 
mechanism of replication in the origin. In this study, we 
developed a dynamic PCN control system that is not 
restricted to a specific origin of replication. Instead, it 
may be universally applied by regulating PCN through 
the dynamic control of the transcriptional expression 
level of the essential gene, infA. The ColE1 origin of rep-
lication including CloDF13 is primarily controlled by 
the RNAII to RNAI ratio. RNAII initiates replication by 
binding to the replication start site, while RNAI inhibits 
this process by forming a complex with RNAII, assisted 
by the Rop protein. ColE1-like origins can experience 
runaway replication if the RNAII/RNAI ratio is dis-
rupted [46]. We hypothesized that reduced infA expres-
sion may decrease Rop levels, leading to increased PCN. 
Conversely, an excess of Rop could enhance complex 
formation, repress RNAII, and reduce PCN. The study 
observed PCN changes with dynamic alterations in infA 
expression, indicating that while infA does not directly 
interfere with the replication mechanism of CloDF13 
origin, it influences PCN. Another hypothesis is that a 

decrease in infA expression leads to an increase in PCN 
to maintain essential protein levels. Insufficient expres-
sion of an essential gene hinders cell growth, resulting 
in an accumulation of plasmids within the cell. The qRT-
PCR results support our concept: reducing infA expres-
sion from individual promoters led cells to increase the 
PCN to restore intracellular infA mRNA levels (Supple-
mentary Figures S2A and S2B). The previous study [29] 
has succeeded in stable plasmid maintenance without 
antibiotics in CloDF13 origin and pMB1 origin. This 
strategy may extend to other ColE1-like origins with 
similar replication mechanisms. Given that programmed 
infA reduction upregulates PCN, this system may be par-
ticularly more applicable for origins with medium or low 
copy numbers. As a member of the translation initiation 
factors, excessively reducing infA expression to increase 
PCN results in growth inhibition and reduction in trans-
lation initiation efficiency. For further studies, other 
essential genes, such as those encoding elongation factor 
P or elongation factor G, could be used to replace infA 
to improve the dynamic range of the target gene and to 
enable multi-plasmid usage [47, 48].

The dynamic PCN control system can be applied to 
efficiently presume the optimal gene expression level 
within a replication of origin, reducing the number of 
redundant cloning to tune the expression level of the 
genes by changing the promoter, ribosome binding site 
strength for each gene on the plasmid. When our system 
was applied, itaconic acid titer increased 3.4-fold com-
pared to that of the previously reported STAPL strain 
[29]. This demonstrated efficient dynamic flux distribu-
tion at the desirable time point by dynamically adjusting 
the PCN. The PCN control system, when combined with 
inducible promoters, can maximize the variation in target 
protein levels within the cell. In addition, optimizing the 
expression of multiple genes in synthetic pathways can be 
challenging due to the need to select specific inducible 
promoters and their corresponding inducers. The system 
can be applied to multiple genes on the same plasmid, 
achieving different expression levels. A single input sig-
nal can upregulate the entire pathway while maintaining 
the optimized expression ratio for each gene by modulat-
ing the PCN. This system can be further applied to vari-
ous fields of metabolic engineering when the inverted 
induction module of the genetic circuit is replaced with 
other sensing systems such as quorum sensing system or 
metabolite responsive biosensors [49, 50]. In addition, 
the system has the potential to be widely used in various 
bacteria, the essential genes of which are revealed. These 
demonstrate the borad applicability of the PCN dynamic 
control system.
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Conclusions
In this study, we have developed the dynamic PCN con-
trol system which does not require the use of antibiotics 
for the plasmid maintenance. Our system maintains the 
plasmid and modulates its copy number by dynamically 
controlling the transcription of the essential gene infA 
on the plasmid while removing it from the chromosome. 
The optimal gene expression level can be determined by 
adjusting the PCN within an origin of replication through 
varying inducer concentrations. Overall, our system pro-
vides a method to control gene expression at the gene 
dosage level. This system has the potential to be adapted 
to various conditions, as the genetic module can be easily 
replaced.

Abbreviations
PCN	� Plasmid copy number

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​3​0​3​6​-​0​2​4​-​0​0​4​6​0​-​1​​​​​.​​

Supplementary Material 1

Author contributions
GP, JY, and SWS conceived the project. GP designed and performed the 
experiments. GP, JY, and SWS conducted data analysis and interpretation and 
wrote the manuscript. JY and SWS supervised the project. All authors read and 
approved the final manuscript.

Funding
This work was supported by the Bio & Medical Technology Development 
Program (NRF-2021M3A9I4024737, NRF-2021M3A9I5023245, and RS-2024-
00352569) and grant (RS-2024-0034585 and RS-2024-00466473) of the 
National Research Foundation (NRF) funded by the Korean government 
(MSIT).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 July 2024 / Accepted: 24 October 2024

References
1.	 Gubellini F, Verdon G, Karpowich NK, Luff JD, Boel G, Gauthier N et al. Physi-

ological response to membrane protein overexpression in E. Coli. Mol Cell 
Proteom. 2011;10(10).

2.	 Jones KL, Kim S-W, Keasling J. Low-copy plasmids can perform as well as or 
better than high-copy plasmids for metabolic engineering of bacteria. Metab 
Eng. 2000;2(4):328–38.

3.	 Beck SW, Ye D-y, Hwang HG, Jung GY. Stepwise Flux optimization for 
enhanced GABA production from acetate in Escherichia coli. J Agric Food 
Chem. 2024.

4.	 Heiss S, Hörmann A, Tauer C, Sonnleitner M, Egger E, Grabherr R, Heinl S. 
Evaluation of novel inducible promoter/repressor systems for recombinant 
protein expression in Lactobacillus plantarum. Microb Cell Fact. 2016;15:1–17.

5.	 Lee SM, Jeong KJ. Advances in synthetic biology tools and engineering of 
Corynebacterium glutamicum as a platform host for recombinant protein 
production. Biotechnol Bioprocess Eng. 2023;28(6):962–76.

6.	 Hong C, Kim Y, Lee H, Yun S, Lim HG, Yang J, Jang S. Vibrio species as next-
generation chassis for accelerated synthetic biology. Biotechnol Bioprocess 
Eng. 2024;29(2):241–53.

7.	 Wen J, Sun W, Leng G, Li D, Feng C, Tian Z, Wang X. Enhanced fermentative 
γ-aminobutyric acid production by a metabolic engineered Corynebacte-
rium glutamicum. Biotechnol Bioprocess Eng. 2024;29(1):129–40.

8.	 Byun G, Yang J, Seo SW. CRISPRi-mediated tunable control of gene expression 
level with engineered single-guide RNA in Escherichia coli. Nucleic Acids Res. 
2023;51(9):4650–9.

9.	 Seo SW, Yang J-S, Cho H-S, Yang J, Kim SC, Park JM, et al. Predictive combina-
torial design of mRNA translation initiation regions for systematic optimiza-
tion of gene expression levels. Sci Rep. 2014;4(1):4515.

10.	 Seo SW, Yang J-S, Kim I, Yang J, Min BE, Kim S, Jung GY. Predictive design 
of mRNA translation initiation region to control prokaryotic translation 
efficiency. Metab Eng. 2013;15:67–74.

11.	 Reis AC, Salis HM. An automated model test system for systematic devel-
opment and improvement of gene expression models. ACS Synth Biol. 
2020;9(11):3145–56.

12.	 Darfeuille F, Unoson C, Vogel J, Wagner EGH. An antisense RNA inhibits trans-
lation by competing with standby ribosomes. Mol Cell. 2007;26(3):381–92.

13.	 Urban JH, Vogel J. Translational control and target recognition by Escherichia 
coli small RNAs in vivo. Nucleic Acids Res. 2007;35(3):1018–37.

14.	 Cho JS, Yang D, Prabowo CPS, Ghiffary MR, Han T, Choi KR, et al. Targeted and 
high-throughput gene knockdown in diverse bacteria using synthetic sRNAs. 
Nat Commun. 2023;14(1):2359.

15.	 Kim G, Kim HJ, Kim K, Kim HJ, Yang J, Seo SW. Tunable translation-level CRISPR 
interference by dCas13 and engineered gRNA in bacteria. Nat Commun. 
2024;15(1):5319.

16.	 Hou J, Gao C, Guo L, Nielsen J, Ding Q, Tang W, et al. Rewiring carbon 
flux in Escherichia coli using a bifunctional molecular switch. Metab Eng. 
2020;61:47–57.

17.	 Gao C, Hou J, Xu P, Guo L, Chen X, Hu G, et al. Programmable biomolecular 
switches for rewiring flux in Escherichia coli. Nat Commun. 2019;10(1):3751.

18.	 Elharar Y, Schlussel S, Hecht N, Meijler MM, Gur E. The regulatory significance 
of tag recycling in the mycobacterial pup-proteasome system. FEBS J. 
2017;284(12):1804–14.

19.	 Joshi SH, Yong C, Gyorgy A. Inducible plasmid copy number control 
for synthetic biology in commonly used E. Coli strains. Nat Commun. 
2022;13(1):6691.

20.	 Rouches MV, Xu Y, Cortes LBG, Lambert G. A plasmid system with tunable 
copy number. Nat Commun. 2022;13(1):3908.

21.	 Li C, Zou Y, Jiang T, Zhang J, Yan Y. Harnessing plasmid replication mecha-
nism to enable dynamic control of gene copy in bacteria. Metab Eng. 
2022;70:67–78.

22.	 Antimicrobial Resistance C. Global burden of bacterial antimicrobial resis-
tance in 2019: a systematic analysis. Lancet. 2022;399(10325):629–55.

23.	 Wein T, Wang Y, Hulter NF, Hammerschmidt K, Dagan T. Antibiotics interfere 
with the evolution of plasmid Stability. Curr Biol. 2020;30(19):3841–7. e4.

24.	 Liao Y-C, Saengsawang B, Chen J-W, Zhuo X-Z, Li S-Y. Construction of an 
antibiotic-free Vector and its application in the Metabolic Engineering of 
Escherichia Coli for Polyhydroxybutyrate Production. Front Bioeng Biotech-
nol. 2022;10:837944.

25.	 Chen Z, Yao J, Zhang P, Wang P, Ni S, Liu T, et al. Minimized antibiotic-free plas-
mid vector for gene therapy utilizing a new toxin-antitoxin system. Metab 
Eng. 2023;79:86–96.

26.	 Amrofell MB, Rengarajan S, Vo ST, Tovar ESR, LoBello L, Dantas G, Moon TS. 
Engineering E. Coli strains using antibiotic-resistance-gene-free plasmids. Cell 
Rep Methods. 2023;3(12).

27.	 Fiedler M, Skerra A. proBA complementation of an auxotrophic E. Coli strain 
improves plasmid stability and expression yield during fermenter production 
of a recombinant antibody fragment. Gene. 2001;274(1–2):111–8.

https://doi.org/10.1186/s13036-024-00460-1
https://doi.org/10.1186/s13036-024-00460-1


Page 9 of 9Park et al. Journal of Biological Engineering           (2024) 18:71 

28.	 Cranenburgh RM, Hanak JA, Williams SG, Sherratt DJ. Escherichia coli strains 
that allow antibiotic-free plasmid selection and maintenance by repressor 
titration. Nucleic Acids Res. 2001;29(5):e26–e.

29.	 Kang CW, Lim HG, Yang J, Noh MH, Seo SW, Jung GY. Synthetic auxotrophs 
for stable and tunable maintenance of plasmid copy number. Metab Eng. 
2018;48:121–8.

30.	 Tschirhart T, Shukla V, Kelly EE, Schultzhaus Z, NewRingeisen E, Erickson JS, 
et al. Synthetic biology tools for the fast-growing marine bacterium Vibrio 
natriegens. ACS Synth Biol. 2019;8(9):2069–79.

31.	 Scarlata CJ, Hyman DA. Development and validation of a fast high 
pressure liquid chromatography method for the analysis of lignocel-
lulosic biomass hydrolysis and fermentation products. J Chromatogr A. 
2010;1217(14):2082–7.

32.	 Stanton BC, Nielsen AA, Tamsir A, Clancy K, Peterson T, Voigt CA. Genomic 
mining of prokaryotic repressors for orthogonal logic gates. Nat Chem Biol. 
2014;10(2):99–105.

33.	 Cummings H, Sands JF, Foreman PC, Fraser J, Hershey J. Structure and 
expression of the infA operon encoding translational initiation factor IF1. 
Transcriptional control by growth rate. J Biol Chem. 1991;266(25):16491–8.

34.	 Sathesh-Prabu C, Tiwari R, Lee SK. Substrate-inducible and antibiotic-free 
high-level 4-hydroxyvaleric acid production in engineered Escherichia coli. 
Front Bioeng Biotechnol. 2022;10:960907.

35.	 Cummings HS, Hershey J. Translation initiation factor IF1 is essential for cell 
viability in Escherichia coli. J Bacteriol. 1994;176(1):198–205.

36.	 Rodrigues JL, Rodrigues LR. Potential applications of the Escherichia coli heat 
shock response in synthetic biology. Trends Biotechnol. 2018;36(2):186–98.

37.	 Bonner W, Hulett H, Sweet R, Herzenberg L. Fluorescence activated cell sort-
ing. Rev Sci Instrum. 1972;43(3):404–9.

38.	 Held D, Yaeger K, Novy R. New coexpression vectors for expanded compat-
ibilities in E. Coli. InNovations. 2003;18(3).

39.	 Kim S-W, Kim J-B, Ryu J-M, Jung J-K, Kim J-H. High-level production 
of lycopene in metabolically engineered E. Coli. Process Biochem. 
2009;44(8):899–905.

40.	 Zhang Z, Chu R, Wei W, Song W, Ye C, Chen X, et al. Systems engineering of 
Escherichia coli for high-level glutarate production from glucose. Nat Com-
mun. 2024;15(1):1032.

41.	 Noh MH, Lim HG, Woo SH, Song J, Jung GY. Production of itaconic acid from 
acetate by engineering acid-tolerant Escherichia coli W. Biotechnol Bioeng. 
2018;115(3):729–38.

42.	 Okabe M, Lies D, Kanamasa S, Park EY. Biotechnological production of 
itaconic acid and its biosynthesis in aspergillus terreus. Appl Microbiol 
Biotechnol. 2009;84:597–606.

43.	 Jeon HG, Cheong DE, Han Y, Song JJ, Choi JH. Itaconic acid production from 
glycerol using Escherichia coli harboring a random synonymous codon-
substituted 5′‐coding region variant of the cadA gene. Biotechnol Bioeng. 
2016;113(7):1504–10.

44.	 Muthukrishnan A-B, Kandhavelu M, Lloyd-Price J, Kudasov F, Chowdhury 
S, Yli-Harja O, Ribeiro AS. Dynamics of transcription driven by the tetA 
promoter, one event at a time, in live Escherichia coli cells. Nucleic Acids Res. 
2012;40(17):8472–83.

45.	 Tran K-NT, Jeong J, Hong SH. Engineering of itaconic acid pathway via co-
localization of CadA and AcnA in recombinant Escherichia coli. Biotechnol 
Lett. 2024:1–8.

46.	 Camps M. Modulation of ColE1-like plasmid replication for recombi-
nant gene expression. Recent Pat DNA Gene Sequences (Discontinued). 
2010;4(1):58–73.

47.	 Aoki H, Dekany K, Adams S-L, Ganoza MC. The gene encoding the elongation 
factor P protein is essential for viability and is required for protein synthesis. J 
Biol Chem. 1997;272(51):32254–9.

48.	 Hou Y, Lin Y-P, Sharer JD, March P. In vivo selection of conditional-lethal muta-
tions in the gene encoding elongation factor G of Escherichia coli. J Bacteriol. 
1994;176(1):123–9.

49.	 Gu P, Ma Q, Zhao S, Gao J, Li C, Zhou H, et al. Application of quorum sensing 
system in microbial synthesis of valuable chemicals: a mini-review. World J 
Microbiol Biotechnol. 2022;38(11):192.

50.	 Ding N, Zhou S, Deng Y. Transcription-factor-based biosensor engineering for 
applications in synthetic biology. ACS Synth Biol. 2021;10(5):911–22.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Dynamic control of the plasmid copy number maintained without antibiotics in ﻿Escherichia coli﻿
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Strains, plasmids, primers, genetic manipulation
	﻿Specific fluorescence measurement
	﻿Quantification of the PCN
	﻿Itaconic acid production
	﻿HPLC analysis

	﻿Results
	﻿Design of dynamic PCN control system

	﻿Validation of the designed dynamic PCN control system
	﻿Application of the dynamic PCN control system in metabolite production

	﻿Discussion
	﻿Conclusions
	﻿References


