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Abstract
Most secondary metabolism in Actinobacteria is controlled by multi-layered, gene-regulatory networks. These regulatory mech-
anisms are not easily identified due to their complexity. As a result, when a strong transcriptional regulator (TR) governs
activation of biosynthetic pathways of target antibiotics such as actinorhodin (ACT), additional enhancement of the biosynthesis
is difficult in combination with other TRs. To find out any Bsynergistic transcriptional regulators (sTRs)^ that show an additive
effect on the major, often strong, transcriptional regulator (mTR), here, we performed a clustering analysis using the tran-
scriptome datasets of an mTR deletion mutant and wild-type strain. In the case of ACT biosynthesis in Streptomyces coelicolor,
PhoU (SCO4228) and RsfA (SCO4677) were selected through the clustering analysis, using AfsS (SCO4425) as a model mTR,
and experimentally validated their roles as sTRs. Furthermore, through analysis of synergistic effects, we were able to suggest a
novel regulation mechanism and formulate a strategy to maximize the synergistic effect. In the case of the double TR mutant
strain (ΔrsfA pIBR25::afsS), it was confirmed that the increase of cell mass was the major cause of the synergistic effect.
Therefore, the strategy to increase the cell mass of double mutant was further attempted by optimizing the expression of efflux
pump, which resulted in 2-fold increase in the cell mass and 24-fold increase in the production of ACT. This result is the highest
ACT yield from S. coelicolor ever reported.

Keywords Combination of transcriptional regulators . Clustering analysis . Time-series transcriptome . Actinorhodin .

Streptomyces coelicolor

Introduction

Microorganisms are an important source for producing vari-
ous secondary metabolites useful for the human such as anti-
biotics, herbicides, and antifungal and anticancer agents (Baltz
2008). Due to the high industrial value of these secondary
metabolites, many studies were undertaken to understand
and exploit the secondary metabolism. Secondary metabolites
are not essential for cell growth and development but help the
producing cells to adapt and survive under the surrounding
environment. Biosynthetic pathways in the secondary metab-
olism are tightly regulated by environmental changes such as
nutrient depletion, growth phase, and signal transduction to
optimize the metabolism in response to various environmental
changes (Patra et al. 2013). Therefore, in order to improve
production yield of such secondary metabolites, it is important
to understand the detailed and phase-dependent regulations of
the cell according to environmental changes.
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Transcriptional regulator (TR) is a DNA-binding protein
that regulates gene expression in response to environmental
changes by binding to a specific DNA sequence as an activa-
tor or repressor (Patra et al. 2013). Since secondary metabo-
lism is often regulated by a number of TRs (Ohnishi et al.
2005), the metabolism can be more effectively reconstructed
to increase the production of target molecules through simul-
taneous regulation of expression of several TRs. However,
due to the complexity of the TR network, it is very difficult
to obtain synergistic effect of TRs when a strong TR primarily
dominates biosynthetic activation of target secondary
metabolism.

In general, there are two groups of TRs: a pathway-specific
TR that controls a specific metabolic pathway gene cluster and
a global TR that exerts pleiotropic effects on multiple gene
clusters by either having the same consensus binding se-
quence or following the same signal transduction pathway.
Secondary metabolism is under the control of both types of
TRs in multi-layered, complex, regulatory networks (Lv et al.
2014). Owing to the nature of these multi-layered regulation
networks, the interactions of the TRs in hidden layers are not
easily predictable, unless the interaction is quite significant. A
number of approaches to understanding these networks are
common, such as chromatin-immunoprecipitation coupled
with massive parallel sequencing (ChIP-Seq) for genome-
wide profiling of DNA-protein interactions (Valouev et al.
2008) and DNA-affinity capture assay (DACA) to identify
the TRs binding to the promoter region of specific genes
(Park et al. 2009). Despite these methods, elucidation of all
the networks of TRs in a given organism is difficult, labor-
intensive, and time-consuming tasks.

In this work, we performed a clustering analysis using
DNA chip data to find a combination of TRs that can exert
synergistic effects in complex TR networks without the need
to understand TR network or prior knowledge. Clustering
analysis enables us to separate and classify the genes with
the same expression patterns (Eisen et al. 1998). This method
assumes that the TR genes classified into the same cluster are
likely to be under the same or similar control networks (Eisen
et al. 1998). Thus, clustering analysis can be used to select
candidate TRs that have synergistic effects among them. Here,
Streptomyces coelicolor and actinorhodin (ACT) were select-
ed as a model strain and target molecule, respectively, since
the most abundant transcriptomic DNA chip data from public
database are available for its physiological and metabolism
studies. There are two assumptions to find a synergistic com-
bination of TRs; first, important genes related to secondary
metabolism such as major TR (mTR) show highly dynamic
transcriptome profile changes during all growth phases and
second, the changes in the expression profile of the specific
mTR do not affect the expression of synergistic TR (sTR), as
sTRs are likely to belong to an upper layer than the specific
mTR, or can play an independent role in the same layer. Based

on these assumptions, clustering analysis was performed
using time-series transcriptome data of afsS deletion mutant
(ΔafsS) and parental wild-type strain (WT) to find sTR for
afsS, known as the mTR of ACT production (Lee et al. 2002).
Through the following experiments, it was confirmed that the
TRs selected as sTR for AfsS show a synergistic effect on
ACT production when combinedwith AfsS. In addition, caus-
al analysis of synergistic effects enabled us to further improve
the synergistic effect of mTR and sTR and to propose new
regulatory mechanisms.

Materials and methods

Bacterial strains and culture conditions

All the strains used in this experiment are listed in Table 1.
Escherichia coli cells were cultured at 37 °C in Luria Bertani
(LB) medium, supplemented with appropriate antibiotics
when necessary. E. coli DH5α was used for DNA amplifica-
tion and manipulation, and E. coli JM110 was used for non-
methylated DNA propagation for transformation into
S. coelicolor A3(2) M145 was used as parental strain. R5−

complex media was used for cell growth and protoplast trans-
formation (Kieser et al. 2000), and SMM, TSB, and R5MS
media were used for antibiotic, i.e., ACT, production
(Okamoto et al. 2009). For evaluation of secondary metabo-
lites, spores were inoculated into a 250-ml baffled flask con-
taining 50 ml of media with appropriate concentrations of
antibiotic markers, and then shaken at 30 °C for 8 days.
Samples (1 ml) were taken at various time points for ACT
quantification and measurement of dry cell weight. pIBR25
was used as a cloning vector.

Microarray data analysis

Time-series microarray data were obtained from Gene
Expression Omnibus (GEO) datasets (Barrett et al. 2007;
Edgar et al. 2002). The GEO accession numbers of wild-
type M145 and its afsS deletion mutant were GSE8084,
GSE8086, and GSE8107 and GSE8110 and GSE8160, re-
spectively (Lian et al. 2008). The raw intensities at every time
point in each dataset were transformed to log2 scales and nor-
malized using the quantile normalization method (Bolstad
et al. 2003). For the normalized dataset, log2 values at speci-
fied time points were computed by subtracting the intensity of
the initial time point from those of the sample time points to
generate a fold-change matrix. The same process was done
separately for all the five datasets, resulting in five fold-
change matrices. To make the distribution of the five ma-
trices identical, the five matrices were concatenated to cre-
ate a new matrix, which was then normalized again using
the quantile normalization method (Bolstad et al. 2003).
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The values of the five matrices were substituted by the
values obtained from the above quantile normalization.
Finally, the normalized matrices were smoothed using
moving average method (window size = 3).

To identify the differentially expressed genes (DEGs) of
the wild-type strain during growth phase changes, a modified
time-series transcriptome analysis method (Hwang et al.
2005) was used as follows: in a matrix for the wild-type strain,
(i) forward- and backward-smoothed fold-change profiles for
each gene were numerically integrated over the time course to
obtain the area under the smoothed fold-change profiles; (ii)
reference fold-change profiles were generated through the

permutation-based random sampling from the smoothed
fold-change matrix; (iii) a null distribution was empirically
generated using the trapezoidal method for the areas of refer-
ence fold-change profiles; (iv) P values for each gene were
calculated using the null distribution by one-tailed test; (v)
three P values for each gene in the three datasets of the
wild-type strain were combined using Stouffer’s method;
(vi) the genes showing significantly altered values of expres-
sion in all the three wild-type datasets were identified with a
combined P value < 0.01. The DEGs identified from the
above procedure are likely to be related to the genes for sec-
ondary metabolism in the wild-type cell.

Table 1 Strains and plasmids used in this study

Strain, plasmid Relevant information Source or reference

Bacterial strains

E. coli

DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15
Δ(lacZYA-argF) U169, hsdR17(rK- mK+), λ

Laboratory stock

JM110 rpsL thr leu thi lacY galK galT ara tonA tsx dam dcm glnV44Δ(lac-proAB)
e14- [F′ traD36 proAB+ lacIq lacZΔM15] hsdR17(rK

−mK
+)

Laboratory stock

S. coelicolor A3(2)

M145 SCP1−, SCP2−, Pgl+ Kieser et al. (2000)

ΔrsfA SCO4677 deleted mutant This study

ΔphoU SCO4228 deleted mutant This study

BG25 M145 harboring pIBR25 This study

BGPhoU M145 containing pIBR25::sco4228 This study

BGAfsS M145 containing pAfsS25 This study

BG4677 SCO4677 deleted mutant containing pIBR25 This study

BG4228 SCO4228 deleted mutant containing pIBR25 This study

BG4677AfsS SCO4677 deleted mutant containing pAfsS25 This study

BG4228AfsS SCO4228 deleted mutant containing pAfsS25 This study

BG4677AfsSIA SCO4677 deleted mutant containing pAfsSIA25 This study

BGCActAB M145 harboring pCActAB25 This study

BGIActAB M145 harboring pIActAB25 This study

BGIActC M145 harboring pIActC25 This study

BGIActABC M145 harboring pIActABC25 This study

BGIActCAB M145 harboring pIActCAB25 This study

Plasmids

pIBR25 pWHM3 carrying ermE* promoter (EcoRI/KpnI) from Saccharopolyspora erythraea Thuy et al. (2005)

pIJ773 aac(3)IV(ApraR) + oriT Gust et al. (2003)

Supercos1 neo, bla Agilent

pAfsS25 pIBR25 based recombinant plasmid for expression of afsS This study

pPhoU25 pIBR25-based recombinant plasmid for expression of phoU This study

pCActAB25 pIBR25-based recombinant plasmid for constitutive expression of actAB This study

pIActAB25 pIBR25-based recombinant plasmid for inducible expression of actAB This study

pIActC25 pIBR25-based recombinant plasmid for inducible expression of actC This study

pAfsSCA25 pIBR25-based recombinant plasmid for expression of afsS and constitutive expression actAB This study

pAfsSIA25 pIBR25-based recombinant plasmid for expression of afsS and inducible expression actAB This study

pIActABC25 pIBR25-based recombinant plasmid for inducible expression of actAB and actC This study

pIActCAB25 pIBR25-based recombinant plasmid for inducible expression of actC and actAB This study
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For the clustering analysis of the gene expression profiles,
the normalized time-series fold-change values of identified
DEGs in the M145 and those of the same ID genes in afsS
deletion mutant were collected, and a new DEG matrix with
time-series fold-change values was generated. To find sTR
genes for AfsS, i.e., mTR, the genes with similar profiles
between the M145 and the afsS deletion mutant were identi-
fied from the newly generated DEG matrix through hierarchi-
cal clustering using the Pearson correlation.

RNA-seq data processing

We used time-series RNA-seq data of S. coelicolor A3(2)
M145 obtained from GSE69350 (Jeong et al. 2016) for the
screening of inducible promoters. This dataset was generated
at four sampling time points depending on the growth phase,
and the dataset was generated in duplicate at each time point
(EE early exponential, MEmid exponential, LE late exponen-
tial, S stationary phase). The raw data of RNA-seq were nor-
malized using spike-in controls in R, to compare the absolute
expression values among the time-series data (Bar-Joseph
et al. 2012). In this method, we used eight housekeeping genes
as spike control (Li et al. 2015). After data processing, the
global transcript profiles were clustered based on Pearson cor-
relation coefficient to evaluate the similarity of the gene ex-
pression pattern along the growth phases (D’Haeseleer 2005).
The hierarchical clustering was performed with Bhclust^ func-
tion in R using the Pearson method.

Measurement of undecylprodigiosin (RED)
and actinorhodin (ACT)

The amounts of RED and ACT were measured at 530 and
640 nm, respectively, using aMultiskan Spectrum plate reader
(Thermo Fisher Scientific, USA) following standard proce-
dures (Kieser et al. 2000). For dry cell weight determinations,
2 mL of sampled cell broth (in triplicate) was collected in pre-
weighted Eppendorf tube and dried at 70 °C for 4 days.

qPCR

The qPCR was performed with TOPreal SYBR Green PCR
Kit (Enzynomics) on the Roche LightCycler® 480 real-time
platform to quantify the absolute expression of specific
mRNAs. Gene expression was normalized relative to hrdB
(SCO5820) (Nieselt et al. 2010). All reactions were performed
in technical triplicates. The hrdB was amplified from strain
M145 using primers hrdB_f and hrdB_r, and the actAB was
amplified from strain M145 using primers actAB_f and
actAB_r. Table S1 shows the primers used for these
experiments.

Results

Identification of sTR candidates for AfsS

The procedure of clustering analysis is elaborated in the
BMicroarray data analysis^ subsection in the BMaterials and
methods^ section. To identify sTRs for AfsS, we first selected
differentially expressed genes (DEGs) from the three datasets
of wild-type M145 to catalog all the genes related to the sec-
ondary metabolism (Fig. 1a). As a result, 1010 genes among
7343 genes were selected as DEGs. Subsequently, clustering
analysis between the M145 and afsS deletion mutant
(M145(ΔafsS)) was performed to select genes showing the
same profile in both strains among the DEGs (Fig. 1b). The
basic premise of this analysis was that the genes classified into
the same cluster in the M145 and the mutants would be related
to the secondarymetabolism but would not be affected byAfsS.
We chose a cluster showing an increasing pattern during the
stationary phase to screen the TRs related to ACT biosynthesis.
The increasing cluster consisted of 109 genes, where 11 TRs
were found and assigned as sTR candidates for AfsS (Table 2).

The objective of this experiment is to find sTRs for AfsS,
which have a synergistic effect on the biosynthesis of ACT.
Therefore, among the 11 sTR candidates, five TRs (SCO0608
(SlbR), SCO3579 (WblA), SCO4677 (RsfA), SCO7252
(NsdB), and SCO4228 (PhoU)) appearing to be related to
ACT biosynthesis were selected. According to the literature
survey, four of five candidates of sTR, excluding PhoU, were
reported as repressor of ACT production (Hindra et al. 2014;
Lee et al. 2013; Yang et al. 2012; Zhang et al. 2007). Among
them, when the repression is removed by gene deletion, the
sTR with the largest increase in ACT production was RsfA.
Therefore, RsfA was finally selected as sTR because it was
expected to maximize the synergistic effect on ACT produc-
tion along with the overexpression of AfsS. In the case of
PhoU, the impact on the production of ACT has not been
reported. However, it is strongly anticipated that it is related
to the PhoR-PhoP system that affects the production of ACT.
The main advantage of clustering analysis is that it can find
sTRs without knowing the TR network. If the double mutant
(The strain that combines the effects of mTR and sTR is here-
inafter referred to as Bdouble mutant^), PhoU deletion and
AfsS overexpression, shows a synergistic effect, the robustness
of the clustering analysis could be confirmed. Therefore, PhoU
and RsfAwere finally selected as potential sTRs and subjected
to experiments to demonstrate and confirm their synergistic
effects on ACT production by the combination with AfsS.

Confirmation of the synergistic effect of PhoU on AfsS

PhoU has been considered as a TR associated with a two-
component PhoR-PhoP system, but the exact function of
PhoU in S. coelicolor remains unclear (Santos-Beneit et al.
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2009). To investigate the role of PhoU in ACT biosynthesis, a
phoU-amplified mutant (BGPhoU) and a phoU deletion mu-
tant (M145 ΔphoU) were constructed. Since the PhoR-PhoP
system controls both primary and secondary metabolism in
the phosphate limitation environment (Sola-Landa et al.
2003), ACT productions of BGPhoU, M145 ΔphoU, and
M145 were firstly measured on SMM solid agar plates with
varying phosphate concentrations to approximately figure out
what is the optimum concentration of phosphate for ACT

production (Fig. S1). As a result, SMM media without
phosphate was selected for ACT production, and all strains
were cultured in SMM liquid media without phosphate for
5 days. When the ACT yields of the two mutants were
compared to that of BG25 (M145 harboring pIBR25), no
significant differences were observed between BGPhoU
(12.9 mg/L) and BG25 (11.8 mg/L), but theΔphoU mutant
showed an increased ACT yield (69.1 mg/L) (Fig. 2), sug-
gesting that PhoU is a negative TR on ACT production
under such conditions. After confirming the role of PhoU,
the double-mutant BG4228AfsS (ΔphoU pIBR25::afsS)
was constructed to confirm the synergistic effect of phoU
deletion and afsS overexpression on the production of
ACT. The ACT yield of the double mutant was then com-
pared with that of the single mutants, BG4228 (ΔphoU
pIBR25) and BGAfsS (M145 pIBR25::afsS). The double-
mutant BG4228AfsS yielded the highest titer (151.4 mg/
L), which was 9 times higher than that of BGAfsS (M145
pIBR25::afsS; 16.3 mg/L) and 63 times higher than that of
BG4228 (2.37 mg/L) (Fig. 3a). Since AfsS is a pleiotropic
TR for other ant ibiot ics biosynthesis as wel l in
S. coelicolor, RED production was also measured in the
same strains shown above, and the trends were similar
(Fig. S2 A). These results indicate that the effect of afsS
overexpression and phoU deletion on ACT and RED pro-
duction is mutual and additive.

Table 2 List of independent regulators found through clustering
analysis using M145 strain and afsS disruption mutant

SCO no. Name Function

SCO0608 Regulatory protein

SCO1699 Transcriptional regulator

SCO1839 Transcriptional regulator

SCO3217 cdaR Transcriptional regulator

SCO3323 bldN RNA polymerase sigma factor

SCO3579 wblA Regulatory protein

SCO4228 phoU Phosphate transport system regulator

SCO4677 rsfA Antagonistic regulator of σF

SCO4768 bldM Two-component regulator

SCO5877 redD Transcriptional regulator

SCO7252 Regulatory protein

Fig. 1 Transcriptome analysis for
wild-type and afsS disruption
mutant. a Identification of differ-
entially expressed genes (DEGs)
from three datasets of wild-type
S. coelicolor A3(2) M145 (com-
bined p value < 0.01). 1010 genes
were selected as DEGs. b
Clustering analysis to find genes
with similar transcriptome profile
for wild-type M145 and afsS de-
letion mutant among the DEGs. D
decrease profile, I increase profile
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Confirmation of the synergistic effect of RsfA on AfsS

RsfA (SCO4677), previously known as anti-sigma factor F,
exerts a negative effect on ACT production and cell morpho-
logical differentiation (Kim et al. 2008). When BG4677(ΔrsfA
pIBR25) and BGAfsS were grown in R5− complex media, they
showed 1.5- and 3.2-fold increases in ACT yield compared to
that of BG25, respectively. Whereas the double mutant,

BG4677AfsS (ΔrsfA pIBR25::afsS), showed an 8-fold increase
in ACT yield under the same condition, confirming that afsS
overexpression and rsfA deletion have a synergistic effect on
ACT production (Fig. 3c). In terms of RED production,
BG4677AfsS displayed an 8-fold increase in RED titer com-
pared to that of BG25, whereas both BG4677 and BGAfsS did
not show any significant positive effects on RED production
(Fig. S2 B). These results also indicate that the effect of afsS

Fig. 2 Characterization of the
role of PhoU on ACT production.
The effect of phoU disruption and
overexpression on ACT
production by comparing three
strains (M145, ΔphoU, and
BGPhoU) for 5 days in SMM
liquid media without phosphate

Fig. 3 ACT quantitation and cell growth comparison in double mutants.
a The yield of ACT, cell growth, and b the specific yield of ACT in each
strain. BGAfsS (M145 pIBR25::afsS), BG4228 (ΔphoU pIBR25),
control (BG25), and BG4228AfsS (ΔphoU pIBR25::afsS) cultured in
liquid SMM media without phosphate. Even though the effects of
BGAfsS and BG4228 on ACT were not significant, the effects of
BG4228AfsS on ACT was significant. The solid lines indicate the ACT
concentration, and the dashed lines indicate the dry cell weight. c The
yield of ACT, cell growth, and d the specific yield of ACT in each strain.

BGAfsS (M145 pIBR25::afsS), BG4677 (ΔrsfA pIBR25), control
(BG25), and BG4677AfsS (ΔrsfA pIBR25::afsS) cultured in liquid R5−

complexmedia. The yield of ACTof BGAfsS and BG4677was increased
by 1.5- and 3.2-fold, respectively, compared with that of BG25. The ACT
yield of BG4677AfsS increased by 8-fold compared to that of BG25. The
specific yield of BG4677AfsS increased by 4.8-fold compared to that of
BG25. The solid lines indicate the ACT concentration, and the dashed
lines indicate the dry cell weight. e Relative mRNA expression of actAB
in BG25 and BG4677AfsS at days 1 and 3, respectively. *P ≤ 0.05
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overexpression and rsfA deletion on ACT and RED production
is mutual. The above results could validate our clustering anal-
ysis to find sTRs for the target mTR, AfsS.

The 8-fold increase in ACT yield of BG4677AfsS com-
pared to that of BG25 was resulted from the combination of
1.6-fold increase in cell mass and 4.8-fold increase in its spe-
cific yield (Fig. 3c, d). It was somewhat expected that inhibi-
tion of cell growth might occur in the case of BG4677AfsS
owing to the ACT secretion and/or toxicity of ACT itself.
Surprisingly, however, an opposite result was acquired.
BG4677AfsS showed ca. 60% increase in cell growth com-
pared to that of BG25 despite higher ACT production (Fig.
3c). One possible explanation would be that actAB induction
by ACT or its three-ring intermediate (S)-DNPA synthesis,
which may confer additional resistance to the cell by ACT
overproduction, resulting in cell growth enhancement (Xu
et al. 2012). When comparing the expression of actAB in
BG25 and BG4677AfsS, it was confirmed that the expression
level of actAB in BG4677AfsS increased about 3.5 times than
that of BG25. (Fig. 3e). This result agrees well with our as-
sumption that the additional overexpression of actAB can fur-
ther improve the ACT yield of BG4677AfsS.

Inducible overexpression of actAB increases not only
ACT production but also final cell mass

In order to prove whether the increase in cell mass of
BG4677AfsS by overexpression of actAB can increase ACT
yield, actABwas overexpressed in the M145. To construct the
strain overexpressing actAB, transformation of pCActAB25
having a constitutive strong ermE promoter into BG25 was
performed (Table 1). However, the BGCActAB (BG25
pIBR25::actAB) strain showed very sluggish cell growth in
R5− media. On R5− agar plate, BG25 colonies appeared with-
in 2 days, whereas the colonies of BGCActAB appeared after
7 days. In R5− liquid medium, the BG25 strain followed a
normal growth curve, but the growth of BGCActAB did not
start for 4 days (Fig. S3). Surprisingly, the cell growth of
BGCActAB starts to recover after 5 days and the mutant out-
grew BG25 by 150% after 7 days (Fig. S3) and its ACT yield
was 4-fold higher than that of BG25 at 7 days (data was not
shown). These results clearly demonstrated that overexpres-
sion of actAB, the putative efflux pumps of ACT, has a posi-
tive effect on final cell mass and ACT production but does
prolong the lag phase. We hypothesized that excessive actAB
expression in earlier cell growth stage might be the cause of
initial sluggish cell growth, and the possible solution to over-
come this would be expression of actAB using inducible pro-
moter at late exponential phase.

Promoter used for overexpression of efflux pumps requires
high expression level of target protein starting from late expo-
nential phase. To discover such additional inducible pro-
moters, another clustering analysis was performed using our

own experimental RNA-seq data taken at four different time
points. The raw data of RNA-seq were processed with spike-
in normalization and clustered based on Pearson correlation
coefficient. All the genes were grouped into 12 clusters
(Fig. 4). In particular, we could confirm that the ACT cluster
including the putative efflux pumps belong to cluster 7. The
genes in cluster 7 were listed according to the fold changes in
the ratio of the corresponding gene expression level of the
stationary phase to that of the early exponential phase (i.e.,

Fig. 4 Time-series gene expression data analysis. A heat map and
hierarchical clusters of gene expression across growth phase. The
expression profiles of all the genes were analyzed by using Pearson
correlation. This identified 12 major groups. EE early exponential, ME
mid exponential, LE late exponential, S stationary)
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S/EE), to discover any promoters with the desired expression
profile. Among the selected candidates, the promoter of
SCO4677 was chosen as the inducible promoter to express
the efflux pump since its function is well characterized and
its fold-change ratio (S/EE) was very high (Table 3).
pIActAB25 was constructed for inducible expression of efflux
pump (ActA-ActB) and transformed into S. coelicolor M145
strain by protoplast fusion to yield BGIActAB. In the case of
BGIActAB grown in R5− liquid media containing 10 μg/ml
thiostrepton for 5 days, its dry cell weight and specific yield of
ACT increased 2- and 2.1-fold, respectively, compared to
those of BG25 (Fig. 5a, b). BGIActAB exhibited an c.a. 4-
fold increase in ACT yield, compared to that of BG25 (Fig.
5c). This result demonstrates that the optimal overexpression

of actAB under the control of the screened inducible promoter
is able to increase not only ACT production but also the final
cell mass.

Inducible overexpression of actAB for high ACT
producers with the combination of sTR and afsS

Since the cell mass of BGIActAB achieved in R5− liquid
media was higher than that of BG4677AfsS, we reasoned that
the additional overexpression of actAB in the background of
BG4677AfsS would give an improved production of ACT.
First, pAfsSIA25, in which actAB and afsS genes were
inserted in opposite directions, was constructed to avoid inter-
ference of the two gene expressions. Then, the plasmid was

Table 3 List of cluster 7

SCO no. Name Function RNA expression level Ratio
(S/EE)

EE ME LE S

SCO4175 Hypothetical protein 4 202 1291 27,799 6388

SCO4174 Hypothetical protein 7 116 679 16,078 2314

SCO0930 Lipoprotein 9 33 180 15,217 1783

SCO3288 Hypothetical protein 4 13 393 5531 1522

SCO2519 Hypothetical protein 41 237 40,442 60,427 1481

SCO1630 rarA Hypothetical protein 19 103 6448 19,430 1000

SCO1161 Hypothetical protein 5 11 189 4219 905

SCO1160 Hypothetical protein 11 20 509 9596 838

SCO4677 rsfA Regulatory protein 21 238 6307 17,207 828

SCO1628 rarC Hypothetical protein 9 48 2624 7138 814

SCO0752 salO protease 3 8 30 2131 749

SCO1627 rarD ATP-GTP binding protein 11 59 2899 7756 677

SCO6795 Hypothetical protein 4 40 1422 2868 648

SCO1629 rarB Hypothetical protein 13 47 2893 8099 641

SCO3289 Large membrane protein 18 39 705 11,022 615

SCO1159 Hypothetical protein 3 4 100 1777 592

SCO4947 narG3 Nitrate reductase Subunit
alpha NarG3

45 38 647 26,086 582

SCO2218 Lipoprotein 2 3 22 983 517

SCO3290 Hypothetical protein 12 31 414 6061 504

SCO1860 Hypothetical protein 65 434 25,542 30,938 473

SCO6682 ramS Hypothetical protein 29 145 1279 13,569 469

SCO0644 Hypothetical protein 32 76 283 14,165 449

SCO0382 UDP-glucose/GDP-mannose
Dehydrogenase

14 145 1203 5975 420

SCO6796 Hypothetical protein 6 35 1243 2676 413

SCO1626 rarE Cytochrome P450 62 227 11,186 25,152 404

SCO4948 narH3 Nitrate reductase subunit beta NarH3 17 21 131 6748 395

SCO0685 Hypothetical protein 12 132 1987 4773 382

SCO5895 redI Methyltransferase 21 488 4180 7939 379

SCO6798 Hypothetical protein 7 41 1453 2698 376

SCO0393 Transferase 11 64 603 4025 374
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introduced into the BG4677 strain by protoplast transformation
to yield BG4677AfsSIA. After 4-day growth of
BG4677AfsSIA, its cell mass and ACT yield were 9.57 mg/
ml of DCWand 480mg/L, respectively. The final cell mass was
more than two times higher than that of its parental strain BG25
(Fig. 5a–c), and ACT titer was the highest ever reported.

Discussion

Identification of sTRs while the overexpression of strong
mTR is present is a formidable task and very important for
industrial mass production of antibiotics, since secondary me-
tabolism is often simultaneously regulated by various TRs.
However, due to the complexity of the TR network, it is dif-
ficult to find such sTRs for any specific mTR (Lv et al. 2014).
In this study, we applied a clustering analysis to discover such
sTRs by comparing time-series transcriptome data of wild-
type and specified mTR deletion mutant (here, afsS) without
the need to understand the regulatory network of correspond-
ing antibiotic biosynthesis (here, ACT).

The major advantage of clustering analysis is its accurate
screening capability of sTRs for a specified target mTR. In the
case of ACT, PhoU (SCO4228) is a good example. Despite
the uncertainty of the function and regulatory network of
PhoU, PhoU was identified as a sTR for AfsS (SCO 4425).
Although each of the effect of phoU deletion and afsS over-
expression on ACT production was negligible, a significant
increase in the production of ACTwas observed in the double
mutant, BG4228AfsS. This result did not appear to be caused
by a simple additive effect but by a synergistic effect via
unknown interactions. We reasoned that PhoU and AfsS
might influence each other within its TR network, resulting
in a higher production of ACT. In S. coelicolor, the transcrip-
tion of afsS is repressed by the phosphorylated form of PhoP,
whose phosphorylation is controlled by PhoR (Santos-Beneit
et al. 2009). Thus, the biosynthesis of ACT is very likely to be
repressed in the presence of phosphorylated PhoP, despite the
overexpression of afsS. Especially, it has been reported that
the kinase activity of PhoR is controlled by PhoU in
Escherichia coli (Gardner et al. 2014) and Aquifex aeolicus
(Oganesyan et al. 2005). Therefore, it is possible to assume
that the PhoU in S. coelicolor can control the PhoR-PhoP sys-
tem and may affect the transcription of afsS. In fact, a synergis-
tic effect on ACT yield was observed in BG4228AfsS strain,
which can be strongly anticipated as a result of relieving AfsS
repression by blocking PhoP phosphorylation through phoU
deletion. This is consistent with the assumption that PhoU of
S. coelicolor controls the PhoR-PhoP system. Furthermore, it
suggests that PhoU, a selected sTR for AfsS, is an upper layer
TR of AfsS that regulates the negative interaction of AfsS and
PhoP by controlling phosphorylation of PhoP.

In the case of the double mutant, BG4677AfsS, the spe-
cific yield of ACT was increased by 4.8-fold compared to
that of BG25. The specific yield of BG4677 and BGAfsS
showed 1.5- and 3.2-fold increase compared to that of
BG25, respectively. This result can be interpreted as the
increase in yield of ACT in BG4677AfsS is due to the
simple addition of rsfA deletion and afsS overexpression
effect on ACT production. Therefore, it is reasonable to
conclude that RsfA and AfsS independently affect ACT

Fig. 5 Effects of double-mutant and inducible overexpression of efflux
pump on cell growth and ACT production. a Growth of BGIActAB and
BG4677AfsSIA, which both overexpress the efflux pump ActA-ActB
inducibly, was increased by 2-fold compared to that of BG25 (M145
harboring pIBR25). b The specific yield of BGIActAB was increased
by 2-fold compared to that of BG25, and BG4677AfsSIAwas increased
by 1.5-fold compared to that of BG4677AfsS. c The ACT yield of
BGIActAB was increased by 4-fold compared to that of BG25, and
BG4677AfsSIA was increased by 3-fold compared to that of
BG4677AfsS and increased by 24-fold compared to that of BG25.
(ACT measurement was done at day 5)
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production in the TR network. This result demonstrates
that the selected sTR for the mTR through the clustering
analysis actually functions independently.

Furthermore, a synergistic effect was observed in terms of
ACT yield of BG4677AfsS, mainly due to an increase in cell
mass. To our surprise, the increase in cell mass was hypothe-
sized to be somewhat related to the increased expression of the
actAB induced by the increased amount of ACT in the cell (Xu
et al. 2012). We attempted to demonstrate the effect of efflux
pump overexpression on increase in cell mass via overexpres-
sion of actAB. The overexpression level and expression timing
of actAB appeared to greatly affect cell growth. When they
were overexpressed in early growth phase, very long lag time
was observed in the cell growth, whereas, when they were
overexpressed in a late exponential phase, increase in cell
growth was observed. The BGIActAB which overexpresses
the actAB using an inducible promoter (promoter of
SCO4677) in theM145 greatly increased not only the cell mass
but also the specific yield of ACT. Since the cell mass of the
BGIActAB was even higher than that of BG4677AfsS, fine
control of the efflux pump overexpression in BG4677AfsS
mutant strain was expected to result further increase in the
productivity of ACT, which was confirmed through our study.

In addition, since the efflux pump, in general, has the func-
tion of pumping out toxic substances (Poole 2007), it was
expected that the strain which overexpresses the efflux pump
(ActA-ActB) show higher secretion of ACT. Unlike our pre-
diction, higher ACT secretion was not observed in our exper-
iment, and the specific secretion ability of the BGIActAB was
reduced by 2.8-fold compared to that of parental strain BG25
(Fig. S4 A). Instead, the strain which overexpresses the actC
(one of the three putative efflux pumps of ACT biosynthesis
cluster) using an inducible promoter used in the aforemen-
tioned experiment (BGIActC) showed that the specific secre-
tion ability of the cell increased 2.2-fold compared to that of
the parental strain BG25 (Fig. S4 A). These results suggest
that ActC functions as an actual efflux pump of ACT, and
ActA-ActB has other functions that enhance ACT resistance.
This is consistent with the two-step model for ACT export and
resistance, in which ActA-ActB is required for efficient produc-
tion of ACT and increases resistance to ACT (Xu et al. 2012).

In summary, we could find sTRs of mTR (e.g., AfsS) for
overproduction of desired antibiotics through clustering anal-
ysis using transcriptome data of the wild-type strain and the
mTR deletion mutant without prior understanding of complex
regulatory network of TR. Even though the synergistic effects
of all five sTRs on mTR have not been tested, it was well
demonstrated that the clustering analysis is suitable for
selecting sTR candidates for mTR. Analysis of the synergistic
effects of the sTR candidates allowed us to suggest an un-
known regulatory mechanism among the TRs and predict
which to optimize in order to further increase the production
of ACT. The ACTyield of the final strain, BG4677AfsSIA, is

the highest ever reported, and this study is the first successful
report of antibiotic overproduction by the combination of two
TRs (here, sTR and mTR). These strategies can be applied to
increase the production of any secondary metabolites in
Actinobacteria.
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