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Abstract 

Escherichia coli is a useful platform for producing valuable materials through the implementation of synthetic gene(s) 
derived from other organisms. The production of lactate (LA)-based polyester poly[LA-co-3-hydroxybutyrate (3HB)] 
was carried out in E. coli using a set of five other species-derived genes: Pseudomonas sp. 61-3-derived phaC1STQK (for 
polymerization), Cupriavidus necator-derived phaAB (for 3HB-CoA generation), and Megasphaera elsdenii-derived pct 
(for LA-CoA generation) cloned into pTV118NpctphaC1ps(ST/QK)AB. Here, we aimed to optimize the expression level 
and timing of these genes to improve the production of P(LA-co-3HB) and to manipulate the LA fraction by replac-
ing the promoters with various promoters in E. coli. Evaluation of the effects of 21 promoter replacement plasmids 
revealed that the phaC1STQK-AB operon is critical for the stationary phase for P(LA-co-3HB) production. Interestingly, 
the effects of the promoters depended on the composition of the medium. In glucose-supplemented LB medium, 
the dps promoter replacement plasmid resulted in the greatest effect, increasing the accumulation to 8.8 g/L 
and an LA fraction of 14.1 mol% of P(LA-co-3HB), compared to 2.7 g/L and 8.1 mol% with the original plasmid. In 
xylose-supplemented LB medium, the yliH promoter replacement plasmid resulted in the greatest effect, with pro-
duction of 5.6 g/L and an LA fraction of 40.2 mol% compared to 3.6 g/L and 22.6 mol% with the original plasmid. 
These results suggest that the selection of an appropriate promoter for expression of the phaC1STQK-AB operon 
could improve the production and LA fraction of P(LA-co-3HB). Here, we propose that the selection of cell-growth 
phase-dependent promoters is a versatile biotechnological strategy for effective intracellular production of polymeric 
materials such as P(LA-co-3HB), in combination with the selection of sugar-based carbon sources.
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Introduction
Plastics derived from renewable biomass are of interest 
because they are a potential solution to dwindling and 
increasingly expensive petroleum resources and have the 
capacity to reduce carbon dioxide emissions. Polylactide 
(PLA), a representative bio-based plastic, can be chemi-
cally synthesized in multiple steps from renewable car-
bon sources. PLA has a wide range of applications, such 
as biomedical materials and food-related items. However, 
the stiffness and brittleness of PLA limit its competitive 
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market expansion. In contrast, P(lactate-co-3-hydroxy-
butyrate) [P(LA-co-3HB)], an LA-based polyester copo-
lymerized with 3HB, which is a typical constituent of 
polyhydroxyalkanoates (PHAs), can be processed into 
flexible and transparent plastic materials and can be used 
in a broad range of applications (Fig.  1) [29, 30]. Such 
copolymers are known to exhibit various mechanical and 
thermal properties depending on their monomer frac-
tion, and thus can be used in a wide range of applications 
[24, 28]. In addition, P(LA-co-3HB) is likely to have cer-
tain beneficial properties performed by both homopoly-
mers, such as the high glass transition temperature of 
PLA and the excellent biodegradability of P(3HB) [23, 
30]. Especially, even the highly LA-enriched P(LA-co-
3HB) exhibits excellent biodegradability in soil envi-
ronments, and its biodegradation mechanism has been 
investigated from the viewpoint of enzymes and polymer 
products [4, 25, 26].

In 2008, Taguchi et al. succeeded in creating a micro-
bial biosynthetic system for P(LA-co-3HB) using Escher-
ichia coli as a platform (Fig.  1) [29]. In this system, the 
discovery of an “LA-polymerizing enzyme (LPE),” 
which is a mutant of PHA synthase PhaC1S325T/
Q481K(PhaC1STQK), originally from Pseudomonas sp. 
61-3, enabled us to construct a one-step biosynthetic 
system for LA-based polyesters under mild conditions. 
P(LA-co-3HB) is intracellularly synthesized by the fol-
lowing successive enzymatic reaction steps: (i) genera-
tion of lactyl-coenzyme A (LA-CoA) by propionyl-CoA 
transferase (PCT) derived from Megasphaera elsdenii, 
(ii) supply of 3-hydroxybutyryl-CoA (3HB-CoA) via the 

dimerization pathway (PhaA and PhaB) derived from 
Cupriavidus necator, and (iii) copolymerization of the 
CoA esters by the LPE. Currently, these sets of genes 
for the P(LA-co-3HB) production are cloned into a plas-
mid called ‘pTV118NpctphaC1ps(ST/QK)AB’, and E. coli 
transformants are used. With this plasmid, the phaC-
1STQK-phaA-phaB operon is driven by the phaC pro-
moter of C. necator, and pct is driven by the lac promoter 
of E. coli.

As described above, P(LA-co-3HB) is a copolymer that 
can have a wide range of properties owing to the LA frac-
tion, which must be produced by an enzymatic reaction 
for the polymerization of both LA and 3HB, and there is 
a need to improve not only the production volume but 
also alteration of the LA fraction. The following various 
efforts have been made regarding P(LA-co-3HB) pro-
duction in E. coli as a platform; the nature of the carbon 
source of the medium [5, 14, 16, 17, 21, 27], enzymatic 
modification of enzymes involved in P(LA-co-3HB) syn-
thesis [30], deletion or overexpression of carbon source 
metabolism genes and sugar transporter genes [15, 31], 
modification of the transcriptional regulatory network by 
deletion of transcriptional regulators [9, 10, 12], and cell 
membrane flexibility [11].

In addition, we have accumulated extensive fundamen-
tal findings related to the transcription network govern-
ing global gene expression in E. coli [7]. In particular, we 
have developed a Genomic SELEX system to elucidate 
the genomic regulatory networks of transcription factors 
based on the identification of the binding sites in vitro of 
the test transcription factor on the E. coli genome [20]. 
These long-term studies are logically applicable to the 
microbial production of value-added products. In gen-
eral, cell growth phase-separated regulation is appro-
priate for efficient production of the target product of 
interest. In particular, caution should be exercised with 
intracellular biosynthesis of polymeric materials, such as 
hydrophobic PHA polymers, to avoid cell growth inhi-
bition caused by artificial compound production [3]. 
Recently, it was reported that membrane vesicles are pro-
duced by envelope stress caused by the accumulation of 
PHB [13]. However, the selection of appropriate promot-
ers for efficient PHA production has not been reported 
to date.

In the present study, we investigated the effectiveness 
of promoter selection for increased productivity and 
altered LA fraction of P(LA-co-3HB), considering the cell 
growth phase of the recombinant E. coli strain used. In 
general, the intercellular synthesis rate of a target com-
pound is affected not only by the activity of the enzyme 
itself but also by its expression level. Although genetic 
modifications of E. coli as a host strain, carbon sources, 
and culture conditions have been studied, it might be 

Fig. 1 Biosynthetic pathway scheme of P(LA-co-3HB) production 
in E. coli used in this study. Two sugars, glucose and xylose, 
derived from biomass were used as carbon sources for production 
of P(LA-co-3HB) in Escherichia coli. LDH: lactate dehydrogenase; 
PCT: propionyl-CoA transferase; LPE: lactate-polymerizing enzyme 
[29] engineered from PHA synthase of Pseudomonas sp. 61-3; PhaA: 
β-ketothiolase; PhaB: NADPH-dependent acetoacetyl-CoA reductase
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argued that the plasmid pTV118NpctphaC1ps(ST/
QK)AB has been conventionally used for P(LA-co-3HB) 
production. First, we investigated the expression status 
of the P(LA-co-3HB)-synthesizing genes cloned into the 
plasmid, and we then attempted to alter P(LA-co-3HB) 
production and the LA fraction by optimizing the expres-
sion system through promoter replacement of a set of 
genes involved in P(LA-co-3HB) synthesis in the plas-
mid. As expected, improved production of P(LA-co-3HB) 
and altered LA fraction were achieved using a promoter 
replacement-based approach in combination with the 
selection of sugar-based carbon sources.

Results and discussion
Correlation of P(LA‑co‑3HB) production pattern 
with phaC1STQK‑AB expression pattern by use 
of the conventional plasmid pTV118NpctphaC1ps(ST/
QK)AB
P(LA-co-3HB) was produced by culturing E. coli har-
boring the conventional pTV118NpctphaC1ps(ST/
QK)AB plasmid in glucose-supplemented LB medium. 
To determine the adequate amount of glucose in the 
medium for P(LA-co-3HB) production, the produc-
tion volume and LA fraction of P(LA-co-3HB) by 
pTV118NpctphaC1ps(ST/QK)AB transformants in LB 
medium with various glucose concentrations were meas-
ured. It was found that a glucose concentration of 3% 
(w/v) was most suitable for P(LA-co-3HB) production 
(Additional file 1: Fig. S1), and a sugar concentration of 
3% was fixed in the subsequent experiments.

The production and LA fraction of P(LA-co-3HB) in E. 
coli harboring pTV118NpctphaC1ps(ST/QK)AB under 
these conditions were measured over 48  h. P(LA-co-
3HB) was measured by two methods: GC-FID was used 
to quantify the P(LA-co-3HB) copolymer in terms of 
the amount of 3HB and LA in dried cell weight %, and 
Nile-red staining was used as a semi-quantative measure 
of the total amount of P(LA-co-3HB). From the GC-FID 
results, accumulation of P(LA-co-3HB) was observed 
after 9  h of cultivation, followed by a gradual increase, 
reaching 2.7  g/L and an LA fraction of approximately 
7.4 mol% after 48 h (Fig. 2A). This result was consistent 
with the quantification by Nile-red staining. Accumula-
tion of P(LA-co-3HB) did not change with further incu-
bation (data not shown). Next, the cell density under 
culture conditions was measured, and cell growth started 
to slow at 9  h and transitioned to the stationary phase 
by 12 h after inoculation (Fig. 2B). These results suggest 
that, under these conditions, the production of P(LA-co-
3HB) begins with the transition of cells into the station-
ary phase.

In contrast, the mRNA expression of the phaC1STQK-
AB operon responsible for P(LA-co-3HB) production was 

measured under the same conditions and was found to 
increase from the exponential growth phase to the early 
stationary phase, followed by a sharp decrease (Fig. 2B). 
This result indicates that the phaC promoter of C. necator 
functions as an exponential phase-dependent promoter 
in E. coli that is active during the exponential phase and 
inactive during the stationary phase. These results sug-
gest that the enzymes involved in P(LA-co-3HB) synthe-
sis expressed in the exponential phase contribute little to 
P(LA-co-3HB) production during the exponential phase. 
It is also suggested that stationary phase P(LA-co-3HB) 
production, which is responsible for the main production 
of P(LA-co-3HB) accumulation, may be carried out by 
enzymes expressed in the exponential phase by an expo-
nential phase-dependent promoter. This imbalanced cor-
relation between the promoter-mediated gene expression 
responsible for polymer synthesis and the P(LA-co-3HB) 
production phase was clearly identified as an issue in 
need of further improvement.

Effect of promoter replacement of the phaC1STQK‑AB 
operon for 3HB‑CoA synthesis and copolymerization
Since the production of P(LA-co-3HB) occurs mostly 
after the transition to the stationary phase, it was thought 
that the expression of genes involved in the production 
of P(LA-co-3HB) should also transition into the station-
ary phase. Previously, we comprehensively measured 

Fig. 2 P(LA-co-3HB) production and expression levels 
of phaC1STQK-AB operon over the course of cultivation time by E. coli 
harboring pTV118NpctphaC1ps(ST/QK)AB in glucose-supplemented 
LB medium. A The bars indicate the amount of 3HB units 
in the polymer (black), the amount of LA units in the polymer (white), 
and the fluorescent intensities of Nile-red-stained cells (gray). B 
Diagonal stripe bars indicate the mRNA levels of phaC. The line graph 
shows cell growth
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the activities and properties of E. coli stationary-phase 
promoter by cloning it into a multi-copy plasmid vec-
tor and fusing it to a gfp reporter gene [18]. Based on 
these results, we selected 18 stationary-phase-induc-
ible promoters, including those with weak to strong 
activities, and three constitutive promoters for com-
parison, and we constructed 21 promoter replace-
ment plasmids instead of the existing phaC promoter in 
pTV118NpctphaC1ps(ST/QK)AB. Each of these plasmids 
was transformed into the E. coli BW25113 strain, and 
the effect of the promoter replacement on P(LA-co-3HB) 
accumulation was assessed by Nile-red staining of cells 
48 h after inoculation (Fig. 3, Table 1). Different amounts 
of P(LA-co-3HB) accumulation were observed for each 
promoter, and a 1.5- to 2.3-fold increase in production 
was observed for the stationary-phase-inducible promot-
ers dps, sodC, yliH, gadB, and treA relative to the original 
phaC promoter. All these promoters have been reported 
to be dependent on the stationary-phase sigma factor 
RpoS, which recognizes stationary-phase promoters [18]. 
In contrast, for the constitutive promoters glpD, modA, 
and uxuA, which have been shown to exhibit strong con-
stitutive activity in previous reports, the production of 
P(LA-co-3HB) decreased below that of the original phaC 
promoter.

To confirm the correlation between the activity of these 
18 stationary-phase-inducible promoters and the P(LA-
co-3HB) accumulation amount, the mRNA expression 
levels of phaC expressed by each promoter at different 
incubation times (9, 12, 16, and 24 h) and P(LA-co-3HB) 

accumulation were compared. The results show that the 
expression level at 16  h post-incubation correlated best 
with the P(LA-co-3HB) accumulation (correlation coef-
ficient = 0.700) and was lower at 9  h (0.454) (Fig.  4 and 
Additional file 1: Fig. S2). To determine the exact amount 
and LA fraction of P(LA-co-3HB) products, copolymers 
accumulated by promoter replacement plasmids with 
significantly increased production were measured. We 
obtained results showing > twofold increase in produc-
tion relative to the original phaC promoter, with the dps 
promoter showing > threefold increase to 8.8 g/L (Table 1, 
Additional file  1: Fig. S3). In accordance with the effect 
of this promoter activity optimization, a suitable glucose 
concentration was re-examined using the yliH promoter 
as a representative example, and 3% glucose was found 
to be optimal (Additional file  1: Fig. S4). Replacing the 
phaC promoter upstream of the phaC1STQK-AB operon 
with a stationary-phase-inducible promoter successfully 
increased P(LA-co-3HB) production but had little effect 
on the LA fraction, which was approximately 12  mol% 
as opposed to 8 mol% for the original promoter (Table 1, 
Additional file 1: Fig. S3).

Effect of promoter replacement of pct for LA‑CoA synthesis 
and ldhA for l‑lactate synthesis
To increase the LA fraction of P(LA-co-3HB), the degree 
of LA-CoA polymerization in the copolymer needs to be 
increased. LA is converted from pyruvate by lactate dehy-
drogenase encoded by ldhA located in the E. coli genome, 
which is then converted to LA-CoA by propionyl-CoA 

Fig. 3 P(LA-co-3HB) production by replacement of the promoter fused to the phaC1STQK-AB operon. Each P(LA-co-3HB) production was measured 
by the fluorescent intensities of Nile-red staining. pTV indicates the conventional plasmid pTV118NpctphaC1ps(ST/QK)AB. The gene name indicates 
the promoter replaced with the phaC promoter
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transferase (PCT) encoded by pct driven by the lac pro-
moter in the pTV118NpctphaC1ps(ST/QK)AB plasmid 
(Fig. 1) [29]. Plasmids were constructed in which the lac 
promoter upstream of pct in the plasmid was replaced 
with a stationary-phase-inducible promoter dps, treA, 
or yliH, which had a critical effect on the expression of 
phaC1STQK-AB operon. However, the results indi-
cated that there was no significant effect on the amount 
of P(LA-co-3HB) or the LA fraction measured for the 
transformants harboring these plasmids (Fig.  5). This 
suggests that PCT activity was not the rate-limiting reac-
tion for LA-CoA production under these experimental 
conditions.

Next, we cloned E. coli ldhA encoding lactate dehy-
drogenase into a plasmid to control the expression level 
of LdhA. During this process, we were able to clone the 
ORF of ldhA without a promoter. However, when we 
attempted to fuse certain promoters to the ldhA ORF, 
we noted nonsense mutations, frameshifts in the ldhA 
ORF sequence, or mutations in the promoter sequence 
in dozens of the clones obtained (data not shown). Simi-
lar results were obtained by supplementing the medium 
with alanine to alleviate the decrease in the amount of 
intracellular pyruvate due to lactate production by LdhA 
[1] as well as by using a buffer solution as the medium to 
alleviate the effect of lactate production on pH (data not 
shown). As a result, plasmids for LdhA expression were 
not obtained. Recently, it was reported that expression 
of ldhA induces persister formation in E. coli [32], which 

may explain why ldhA cannot be expressed on a multi-
copy plasmid in E. coli.

Improvement of LA fraction in xylose medium using 
promoter replacement plasmids
Previously, Nduko et  al. [14] demonstrated that using 
xylose as a sugar source in the medium led to an increase 
in the LA fraction of P(LA-co-3HB) by suppressing the 
production of NADPH, thereby lowering the supply of 
NADPH required for 3HB-CoA synthesis compared to 
the use of glucose. Next, we measured P(LA-co-3HB) 
production and the LA fraction in xylose-supplemented 
LB medium using both the conventional plasmid 
pTV118NpctphaC1ps(ST/QK)AB and stationary-phase-
inducible promoter replacement plasmids instead of the 
phaC promoter, in which P(LA-co-3HB) production was 
enhanced in the glucose-supplemented LB medium. In 
the case of the conventional transformants harboring 
the pTV118NpctphaC1ps(ST/QK)AB, the P(LA-co-3HB) 
production was 2.7 g/L and the LA fraction was 7.4 mol% 
in the glucose-supplemented LB medium (Table 1, Addi-
tional file 1: Fig. S3), but in the xylose-supplemented LB 
medium, the production amount was increased slightly 
to 3.6 g/L and the LA fraction was increased to 22.6 mol% 
(Fig. 6A, Table 1). In contrast, in transformants harbor-
ing the yliH promoter replacement plasmid, P(LA-co-
3HB) production increased to 5.6 g/L and the LA fraction 
increased markedly to 40.2  mol% (Fig.  6A, Table  1). 
Transformants harboring the gadB promoter replace-
ment plasmid resulted in a slight increase in produc-
tion to 4.4  g/L, but the LA fraction was 23.4  mol%, the 
same fraction as with the original plasmid, and the same 
level or lower for dps and gadB promoter replacement 

Fig. 4 Correlation between P(LA-co-3HB) production and the mRNA 
levels of phaC. The x-axis shows the expression ratio of phaC 
mRNA to the ribosomal RNA, rrsA, quantified by RT-qPCR after 16 h 
of incubation. The y-axis shows the production of P(LA-co-3HB) 
as measured by Nile-red staining of cells after 48 h of incubation. The 
gene name of the promoter used for expression of the phaC1STQK-AB 
operon is indicated next to each dot

Fig. 5 P(LA-co-3HB) production by replacement of the promoter 
fused to pct. The bars indicate the amount of 3HB units 
in the polymer (black), the amount of LA units in the polymer (white), 
and the LA fraction (vertical stripe). pTV indicates the conventional 
plasmid pTV118NpctphaC1ps(ST/QK)AB. The gene name indicates 
the promoter replaced with the lac promoter located upstream of pct 
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plasmids. Since these results suggest that these pro-
moter activities differed between glucose- and xylose-
supplemented LB media, we quantified the mRNA level 
of the replaced promoter-dependent phaC in this xylose-
supplemented LB medium and compared it with the 
amount and LA fraction of P(LA-co-3HB) produced. The 
results indicate that the P(LA-co-3HB) accumulation and 
LA fraction were correlated with the intracellular phaC 
mRNA level in the stationary phase 24  h after the start 
of incubation (Fig. 6B, C). At present, there is no knowl-
edge of direct regulation of the yliH or dps promoters by 
transcription factors responsive to glucose or xylose in E. 
coli, so the obvious cause for the altered activity of these 
promoters depending on the sugar type is unknown. It 
has been reported that LdhA is induced in the station-
ary phase regardless of the sugar type in E. coli [8], sug-
gesting that LA-CoA is synthesized in the stationary 
phase under this condition. These results indicate that in 
xylose-supplemented LB medium, both the accumulation 

of P(LA-co-3HB) and the LA fraction depend on the 
expression of the phaC1STQK-AB operon in the station-
ary phase.

In this study, we aimed to improve P(LA-co-3HB) pro-
duction and alter the LA fraction. We demonstrated 
the importance of optimizing the expression levels of a 
set of P(LA-co-3HB) synthesis genes in the stationary 
phase by testing the effects of promoter replacement. 
In glucose-supplemented LB medium, replacing the 
phaC1STQK-AB promoter of pTV118NpctphaC1ps(ST/
QK)AB with the dps promoter that showed successfully 
increased P(LA-co-3HB) production threefold to 8.8 g/L. 
In xylose medium, replacing the yliH promoter success-
fully increased its production by 1.6-fold to 5.6 g/L and 
increased the LA fraction from 23 to 40  mol%. Thus, it 
is interesting to note that the same promoter in glucose- 
and xylose-supplemented LB medium resulted in dif-
ferent effects on P(LA-co-3HB) production and the LA 
fraction, owing to changes in the promoter activity in the 

Fig. 6 P(LA-co-3HB) production and expression level of the phaC1STQK-AB operon by replacement of the promoter fused to the phaC1STQK-AB 
operon in xylose-supplemented LB medium. A The bars indicate the amount of 3HB units in the polymer (black), the amount of LA units 
in the polymer (white), and the LA fraction (gray). B, C The x-axis shows the expression ratio of phaC mRNA to the ribosomal RNA, rrsA, quantified 
by RT-qPCR after 24 h of incubation. The y-axis shows the production of P(LA-co-3HB) after 48 h of incubation (B), and the LA fraction (C). pTV 
indicates the conventional plasmid pTV118NpctphaC1ps(ST/QK)AB. The gene name indicates the promoter replaced with the phaC promoter
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stationary phase (Figs. 4 and 6). E. coli has approximately 
300 different transcriptional regulators, which form a 
complex hierarchical structure in the cell. As facing the 
environment changes, each promoter activity changes 
under the influence of its transcriptional regulatory net-
work [6, 7]. To efficiently produce useful materials using 
microorganisms, such as P(LA-co-3HB), it is important 
to adapt a suitable gene expression system to fit each 
condition of the production system used.

Conclusions
Using a universal model microbial factory of E. coli, we 
have provided proof-of-concept that the replacement 
of cell growth phase-dependent promoters represents 
a promising approach for improving the productivity 
and functional alteration of value-added target products 
such as P(LA-co-3HB) in a microbial factory other than 
E. coli. Notably, this approach synergistically exhibited 
the beneficial effects in combination with the selection 
of sugar-based carbon sources. The optimized strain will 
be subjected to the established high-cell density cultiva-
tion [5] for over-production of P(LA-co-3HB) to gain a 
multiple information on polymer properties. In the near 
future, the polymeric material properties of microbi-
ally synthesized P(LA-co-3HB) could be systematically 
altered using advanced synthetic biology based on this 
approach.

Materials and methods
Bacterial strains and medium
Escherichia coli K-12 BW25113 [2] was used as a host 
for polymer production [obtained from the E. coli Stock 
Center (National Bio-Resource Center, Chiba, Japan)]. E. 
coli JM109 cells were used for plasmid amplification and 
construction.

For polymer production, recombinant E. coli harboring 
pTV118NpctphaC1ps(ST/QK)AB or its derivative plas-
mids were grown in 20 mL of LB medium containing sev-
eral different concentrations of glucose or xylose at 30 °C 
with reciprocal shaking at 180  rpm. Ampicillin (Amp; 
100  μg/mL) and kanamycin (25  μg/mL) were added as 
required. Cell growth, which also reflects P(LA-co-3HB) 
production, was monitored by measuring the turbidity at 
600 nm.

Plasmids construction
The expression vector pTV118NpctphaC1ps(ST/QK)AB 
[derivative of pTV118N (Takara, Japan),  Ampr], which 
harbors genes encoding propionyl-CoA transferase from 
Megasphaera elsdenii (pct), engineered polyhydroxyal-
kanoate (PHA) synthase, termed LPE, with LA-polymer-
izing activity [phaC1ps(ST/QK)] from Pseudomonas sp. 
61-3, and 3HB-CoA supplying enzymes β-ketothiolase 

and acetoacetyl-CoA reductase (phaA and phaB) from 
Cupriavidus necator (formerly Ralstonia eutoropha), was 
used for P(LA-co-3HB) production [29, 30].

Twenty-one phaC promoter replacement plas-
mids were constructed in this study from the origi-
nal pTV118NpctphaC1ps(ST/QK)AB, with the 
Cupriavidus necator-derived phaC promoter replaced 
with various promoters in E. coli. Using the original 
pTV118NpctphaC1ps(ST/QK)AB as a template, a DNA 
fragment without the promoter upstream of phaC was 
amplified by PCR using primers 5′-ttattttttcagtcccatgg-
gaccg-3′ and 5′-atgagtaacaagaatagcgatgacttg-3′. The 
primer sequences with sequences homologous to the 
vector added at the 5′ end in Additional file 2: Table S1B 
were then used to amplify the promoter sequences from 
the E. coli genome using the E. coli BW25113 genome as 
the template. The DNA fragments were joined by homol-
ogous recombination using the Gibson assembly method 
to obtain each phaC promoter replacement plasmid.

The same procedure was used for the three pct pro-
moter replacement plasmids, with the lac promoter 
replaced upstream of pct. The plasmid vector fragment 
was amplified with 5′-atgagaaaagtagaaatcattacagct-
gaacaag′-3 and 5′-attgcgttgcgctcactg-3′ primers and 
joined by homologous recombination with the E. coli 
promoter fragment amplified using primers listed in 
Additional file 2: Table S1C.

ldhA from E. coli was cloned into 
pTV118NpctphaC1ps(ST/QK)AB and linked to the E. 
coli promoter using the Gibson assembly method. Vec-
tor DNA fragments were amplified using 5′-ccggcatg-
caagcttgg-3′ and 5′-atcctatgcccaacaaggcac-3′ primers, 
and the ldhA coding region from the E. coli genome 
was amplified using 5′-atgaaactcgccgtttatagcac-3′ and 
5′-ttaaaccagttcgttcgggcag-3′ primers with sequences 
homologous to the respective promoters added at the 
5′ end. The primers listed in Additional file 2: Table S1D 
were used to amplify the E. coli promoter sequence 
upstream of ldhA.

The sequences of the cloned promoters and genes 
of the constructed plasmids and the sequences of the 
homologous recombined linkage regions were confirmed 
by DNA sequencing.

RT‑qPCR analysis
RT-qPCR was performed according to standard proce-
dures [19]. E. coli cells were inoculated into M9 mini-
mal medium supplemented with CAA (0.2%) at 37  °C 
with aeration by constant shaking at 150  rpm. Total 
RNA was extracted from exponential phase E. coli cells 
 (OD600 = 0.4) using ISOGEN solution (Nippon Gene, 
Tokyo, Japan). Total RNA (1  μg) was transcribed into 
cDNA with random primers using the THUNDERBIRD™ 
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SYBR® qPCR/RT Set (TOYOBO, Osaka, Japan). Quan-
titative P CR (qPCR) was performed using the THUN-
DERBIRD™ SYBR® qPCR Mix (TOYOBO) and a 
LightCycler® 96 system (Roche, Basel, Switzerland). The 
primer pairs are listed in Additional file 2: Table S1A. The 
cDNA templates were serially diluted four-fold and used 
for qPCR analysis. The qPCR mixtures, containing 10 μL 
of THUNDERBIRD™ SYBR® qPCR Mix (TOYOBO), 
1 μL of each primer (5 μM stock), 7 μL of water, and 1 μL 
of cDNA, were amplified under the following thermal 
cycling conditions: 2  min at 95  °C, 45 cycles of 10  s at 
95 °C and 20 s at 55 °C, and then 20 s at 72 °C. The 16S 
rRNA expression level was used to normalize the phaC 
mRNA levels of the test samples, and the relative expres-
sion levels were quantified using Relative Quantification 
Software provided by Roche. The results are presented as 
the averages of three independent experiments.

Polymer extraction and analyses
Samples from the E. coli shake-flask cultures were 
taken periodically during cultivation and centrifuged 
at 7500  rpm for 3  min to separate the cells from the 
medium. The cells were then lyophilized and used for 
cell growth and polymer analyses. The polymers were 
analyzed by gas chromatography, as described previously 
[21]. To determine the cellular polyester content and 
polymer fraction, approximately 15  mg of dry cells was 
subjected to methanolysis with a solution consisting of 
1.7 mL methanol, 0.3 mL 98% sulfuric acid, and 2.0 mL 
chloroform at 100 °C for 140 min to convert the constit-
uents to their methyl esters. Addition of 1  mL water to 
the reaction mixture induced phase separation The lower 
chloroform layer was used for gas chromatography (GC) 
on a GL Sciences GC353B FID system equipped with 
an InertCap-1 capillary column (30 m × 0.25 mm) and a 
flame ionization detector. Each experiment was repeated 
at least three times, and the average values are shown.

Measurement of polymers by Nile‑red staining
The Nile-red staining method was performed according 
to Spiekermann et al. [22]. One milliliter of the cell cul-
ture medium was mixed with 10 μL of Nile-red (Sigma-
Aldrich Co., St. Louis, MO, USA) dissolved in DMSO 
(0.4 μg/μL). After vigorous vortexing for 20 s, the mixture 
was incubated for 5 min at room temperature in the dark. 
The cells were centrifuged (3 min, 5000×g), washed twice 
with PBS(−) buffer, and the absorbance was measured at 
430  nm using a spectrophotometer (V-630BIO, Nihon 
Bunko, Japan). Each experiment was repeated at least 
three times, and the average values are shown.
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medium. P(LA-co-3HB) production after 48 h of incubation. Figure S2. 
Correlation between P(LA-co-3HB) production and the mRNA levels of 
phaC with cultivation time. The x-axis shows the expression ratio of phaC 
mRNA to the ribosomal RNA, rrsA, quantified by RT-qPCR at 9 (A), 12 (B), 
16 (C), and 24 (D) hours of incubation. The y-axis shows the production 
of P(LA-co-3HB) as measured by Nile-red staining of cells after 48 h of 
incubation. Correlation coefficients between phaC mRNA levels and 
P(LA-co-3HB) productions were obtained by the Pearson correlation 
coefficient and are shown in the lower right corner of each panel. Figure 
S3. P(LA-co-3HB) production by replacement of the promoter fused to the 
phaC1STQK-AB operon in glucose-supplemented LB medium. The bars 
indicate the amount of 3HB units in the polymer (black), the amount of 
LA units in the polymer (white), and the LA fraction (vertical stripe). pTV 
indicates the conventional plasmid pTV118NpctphaC1ps(ST/QK)AB. The 
gene name indicates the promoter replaced with the phaC promoter 
located upstream of the phaC1STQK-AB operon. Figure S4. P(LA-co-3HB) 
production and the LA fraction at various glucose concentrations by E. coli 
BW25113 harboring pTV118NpctyliHps(ST/QK)AB plasmid in glucose-sup-
plemented LB medium. P(LA-co-3HB) production after 48 h of incubation.
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